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FOREWORD 


This volume of the Transactions of the American Institute of Mining 
and Metallurgical Engineers contains papers presented before the Iron 
and Steel Division at the annual meeting of the Institute in New York 
in February, 1937, and at the joint meeting with the Institute of Metals 
Division in Cleveland in October 1936., 

Dr. P. D. Merica's interesting Howe Meinorial Lecture on Progress in 
Improvement of Cast Iron and Use of Alloys in Iron introduces the 
volume and is followed by studies of blast-furnace operations, deter- 
mination of gases in metals, ingot structure, grain size and the constitu- 
tion and structure of ferrous metals. Among the papers on blast-furnace 
practice is one by J. M. Hassler, recipient of the J. E. Johnson, Jr., 
Award for 1937. The Robert W. Hunt Prize for 1937 was awarded to 
W. F. Holbrook and T. L. Joseph for their paper on Relative Desulphuriz- 
ing Powers of Blast-furnace Slags, which appeared in the Transactions 
in 1936 (Volume 120). 

One of the activities promoted by the Division's Open Hearth Com- 
mittee is the Open Hearth Conference. The proceedings of this con- 
ference are published separately in a volume entitled: ^^1937 Open 
Hearth Proceedings.’’ 

Papers dealing with the fundamentals of metallurgy cannot be 
relegated on any logical basis to one or the other of the two metals Divi- 
sions of the Institute, consequently material of interest to members of 
both Divisions may find its way into the Transactions of either of them. 
Papers of interest to those engaged primarily in ferrous metallurgy may 
therefore be found also in the Institute of Metals Division Volume of 
the Transactions. 

Francis B. Foley, Chairman^ 

Iron and Steel Division. 

Philadelphia, Pa. 

July 21, 1937 
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The Howe Memorial Lecture 


The Howe Memorial Lecture was authorized in April, 1923, in 
memory of Henry Marion Howe, as an annual address to be delivered by 
invitation under the auspices of the Institute by an individual of recog- 
nized and outstanding attainment in the science and practice of iron and 
steel metallurgy or metallography, chosen by the Board of Directors 
upon recommendation of the Iron and Steel Division. 

So far, only American metallurgists have been invited to deliver 
the Howe lecture. It is believed that this lecture would gain in impor- 
tance and significance were it possible to include metallurgists from other 
countries, but the Institute has not yet been able to do this on account 
of lack of special funds to support this lectureship. 

The titles of the lectures and the lecturers are as follows: 

1924 What is Steel? By Albert Sauvcur. 

1925 Austenite and Austenitic Steels. By John A. Mathews. 

1926 Twenty-five Years of Metallography. By William Campbell. 

1927 Alloy Steels. By Bradley Stoughton. 

1928 Significance of the Simple Steel Analysis. By Henry D. Hibbard. 

1929 Studies of Hadfield's Manganese Steel with the High-power Microscope. 

By John Howe Hall. 

1930 The Future of the American Iron and Steel Industry. By Zay Jeffries. 

1931 On the Art of Metallography. By Francis F. Lucas. 

1932 On the Rates of Reactions in Solid Steel. By Edgar C. Bain. 

1933 Steelmaking Processes. By George B. Waterhouse. 

1934 The Corrosion Problem with Respect to Iron and Steel. By Frank. N. Speller. 

1935 Problems of Steel Melting. By Earl C. Smith. 

1936 Correlation between Metallography and Mechanical Testing. By H. F. Moore. 

1937 Progress in Improvement of Cast Iron and Use of Alloys in Iron. By Paul D. 

Merica. 
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Henry Marion Howe Memorial Lecturer ^ 1937 




Progress in Improvement of Cast Iron and Use of Alloys 

in Iron 


By Paul D. Merica,* Member A.I.M.E. 


(Henry Marion Howe Memorial Lecturef) 

Those of you who, like myself, have had the privilege of hearing 
previous Howe Memorial Lectures will note, and I hope without too 
much disaffection, that for the first time in this series of lectures iron 
has been chosen as the subject. I feel sure that the predominant choice 
by previous lecturers of subjects relating to steel has been principally 
in deference to the well-known interest this subject held for Professor 
Howe, and that their choice has not reflected any lack of respect for the 
material, iron. Nevertheless, in the face of this record, I feel some 
diffidence in introducing this Cinderella of materials into the circle 
of distinguished subjects hitherto treated by Howe lecturers, which is 
relieved only by the fact that I hope to be able to present some evidence 
that this Cinderella has at last undergone some of those magical trans- 
formations which render her acceptable even in the society of her dis- 
^tinguished sister, steel. 

Fortunately I can cite the old master himself in support of my choice 
•of subject and recall to you that Professor Howe by no means overlooked 
^or neglected cast iron in the long course of his metallurgical meditations. 
Indeed his attention was early arrested by a metallurgical aspect of 
cast iron which he believed and we still recognize as of the most funda- 
mental importance — ^namely, the genesis of graphite in gray iron and 
^the means for the control of its quantity and distribution. He made 
some comments over 20 years ago regarding the nature of J. E. Johnson’s 
oxygenated iron which indicate that even then his thoughts were taking 
directions which today we are finding it useful to explore in connection 
with the theory of high-strength iron. Had we had in the subsequent 
Vears the continuing benefit of ftofessor Howe’s illuminating consider- 
ation of this important subject, our progress in the improvement of cast 
iron would undoubtedly have been even more rapid. 


* Vice-president, international Nickel Co., Inc., New York, N. Y. 
t Presented at the New York Meeting, February, 1937. Fourteenth Annual 
Lecture. Manuscript received at the office of the Institute Feb. 26, 1937. 
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PROGRESS IN IMPROVEMENT OP CAST IRON 


Engineering Properties op Cast Iron, Substantially 
Improved in Recent Years 

It has been a matter of frequent comment that during the early years 
of the century cast iron, one of the oldest materials of construction, 
suffered some eclipse of popularity and esteem. Assailed by competition 
from its more favored sister, steel, which was undergoing rapid and 
favorable development in many directions — through the art of heat- 
treatment, through the use of alloys, through the development of the art 
of welding — ^it appeared for a long time impossible to find in cast iron 
those new and hidden resources with which alone this competition could 
be met. Foundry business was being lost to cast steel, to fabricated 
steel sheet and plate and to steel forgings. 

The last 15 years, however, have witnessed a revival of interest in 
this somewhat humbled material, accompanied by remarkable progress 
both in the improvement of its properties and engineering performance 
as well as in renewed acceptance of it for modern engineering purposes. 

That important cast-iron history has been made in recent years 
can most simply be demonstrated by comparison of the gray-iron specifi- 
cations of the American Society for Testing Materials for the years 
1921 and 1936. In 1921, gray-iron castings were specified to exhibit 
minimum (arbitration bar) tensile strengths of 18,000 to 24,000 lb. per 
sq. in., depending upon section thickness. The A.S.T.M. specifications 
for 1936 call for seven classes of gray iron, requiring minimum tensile 
strengths from 20,000 to 60,000 lb. per sq. in. 

Whereas before the World War the best quality of gray iron* had 
a tensile strength no higher than perhaps 15,000 to 20,000 lb. per sq. in., 
gray iron is today produced in quantity with tensile values from 40,000 
to 60,000 lb. per sq. in.; the so-called '^high-test'' iron. With special 
care and attention to foundry technique, tensile values even as high as 
70,000 to 80,000 lb. per sq. in. are currently obtained. This represents 
substantial progress. 

When substituted for ordinary iron these newer high-strength irons 
permit savings in section and weight and allow increased load-carrying 
capacity, since not only their strength but also their elastic moduli are 
higher. Particularly in the fields of heavy machinery and equipment 
these irons are making a place for themselves and have in many cases 
even replaced steel. 

But the history of the tensile strength of iron does not tell the whole 
story of its progress. A great deal of iron is used for purposes for which 
hardness and abrasion resistance are of primary importance. 

* Excepting small amounts of “semisteel,” which was just under development 
and which might have exhibited at that time tensile strengths as high as 30,000 lb. 
per sq. in. 
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Fifteen years ago gray iron of machinable quality was not expected in 
usual sections to possess a hardness of more than about 175 to 225 Brinell. 
Today alloyed gray iron may be obtained with Brinell hardness of 
200 to 275 and even as high as 300 and it can be further heat-treated 
after machining to 300 to 500 Brinell. 

In the field of chilled” or white-iron castings used for crushing, 
grinding and rolling equipment, for which maximum hardness and 
abrasion resistance are sought, the plain chilled iron of 15 years ago 
offered a chill” hardness of 400 to 500. Today alloy chilled” iron 
may be had with Brinell hardness values of 600 to 700. These harder 
irons, both gray and chilled, have yielded substantially better wear 
performance in many industrial applications and have outlasted many 
times the plain irons which they have replaced. 

Finally, alloy cast irons have been developed which possess other 
properties of engineering value — corrosion resistance, resistance to high 
temperatures and special magnetic and thermal properties. 

Cast iron is today a better and more flexible material than we used 
to think it and the broadening of its range of physical and mechanical 
properties, revealed in recent years, has served to redirect to it the atten- 
tion and the interest of the engineer and the constructor. 

An outstanding illustration of the new attitude toward cast iron, and 
one that has already had well deserved publicity, is the development of 
the cast-iron camshaft and crankshaft pioneered by the Ford Motor Co., 
the Campbell, Wyant and Cannon Foundry Co., the Caterpillar Tractor 
Co. and other prominent manufacturers of automotive and Diesel 
engines. They have demonstrated that not only can high-quality iron 
be substituted with substantial economy for the heat-treated steel 
formerly used in these vital engine parts, but with entire safety as well, 
together with advantage from the standpoint of service life. Cast iron 
is certainly no longer a Cinderella in the automotive industry! 

How Much ^'High-duty” Iron Is Used Today? 

It is natural to inquire concerning the extent to which these newer 
“high-duty” and alloy irons are today used. Mr. Steinebach, of The 
Foundry * has recently estimated that there may have been produced in 
this country during 1936 about 10,000,000 tons of gray-iron castings. 

From private communications and from information in the files of 
my own company, the estimate appears conservative that not less than 
10,000 tons of alloyst was used in iron castings in the same year, yielding 
probably between 1,000,000 and 1,500,000 tons of alloy-iron castings. 


* Private communication, January, 1937. 

t Including alloy content of Mayari and similar synthetic pig irons used by foun- 
dries as well as of alloy-steel scrap. 
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We may therefore consider that between 10 and 15 per cent of iron 
castings are currently alloyed.* 

Of the 3500 iron foundries estimated to be operating in this country, 
some 1000 are shown to be users of alloys for a portion at least of their 
castings production. Of many of these the proportion of alloy-iron 
production is high — as much as one-third. Some, particularly those 
serving the automotive industry, produce principally alloy iron. It is 
estimated, for example, that over 90 per cent of automotive engine 
castings are of alloy iron, and the whole automotive industry probably 
consumes half of the alloy iron produced today. 

When we consider that the alloy-iron industry has attained these 
proportions in less than a dozen years and recall that the alloy-steel 
ingot production in this country after many more years of development 
constitutes perhaps 6 per cent of the total steel ingot production, wo may 
appreciate that alloy irons have had a speedy “bringing up.” 

It is even more difficult to estimate the volume of production of high- 
test gray iron as distinct from alloy iron, since this term is of somewhat 
flexible definition anyway and much high-test iron is also alloy iron. 
But it is certain that between the various cupola processes, the air 
furnace, the electric furnace and rotary furnaces this volume is substan- 
tial, particularly among those foundries supplying castings to the princi- 
pal engineering fields, and is probably in excess of 500,000 tons. It is 
perhaps not generally appreciated that there are about 200 electric fur- 
naces operating on iron in this country and supplying perhaps 600,000 
tons of castings, of which a substantial portion is of high-tost quality. 

It will probably be accepted as a conservative guess that, including 
alloy iron, 15 per cent of all iron (excluding malleable) today is of 
improved or high-duty quality, in the general sense of the term. 

Structure and Characteristics of Iron 

The improvement in gray iron in recent years has taken many 
different directions but I wish to comment particularly on three major 
developments which have made large contribution to its progress: (1) 
improvement in melting technique and casting control; (2) the use of 
alloys; and (3) the application of heat-treatment. These all play 
important roles in modern irons; sometimes singly but more frequently 
in association with each other. A Diesel-engine cylinder liner, for 
example, may be made of high testf iron with alloy additions and hard- 


* Malleable iron is not included in these estimates but some of the alloys sold 
were used in chilled iron. 

1 1 shall use the term ‘‘high-test^' iron to denote its common reference to gray iron 
of higher strength produced by any of the several melting and casting techniques 
which have been developed. 
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ened by heat-treatment. Its properties are the result of the combined 
influence of the three methods of improving iron. 

Before however, discussing the manner in which the application of 
each of these methods serves to enhance the quality of iron, I must 
recall to you briefly the structural characteristics of this material. 
Iron is a more complex material than steel and in consequence the 
response of iron to variations in composition and of thermal history is 
far less simple than that of steel. 

Structurally gray iron is usually described as steel with intermixed 
graphite; a steel matrix broken up and weakened by graphite flakes. 
The size, shape and distribution of these flakes determine and limit its 
strength, and the matrix or metallic base of the iron determines primarily 
its hardness. The character of the graphite flakes and that of the matrix 
both respond independently, and often quite sensitively, to alterations 
in composition, as well as to additions of alloys and to variations in 
thermal history and of melting procedure. These responses are some- 
times additive, tending to improve or impair the properties of the iron; 
sometimes they tend to neutralize each other. Iron is not a simple 
material to control! But fortunately it turns out to be a pretty effective 
and sensitive instrument for the production of physical properties — after 
the technique for its manipulation has been mastered! 

The most obvious way to improve and strengthen gray iron, and the 
cheapest, is to reduce the amount of weak graphite flakes. This can be 
done by lowering the carbon content of the iron, or its silicon content, 
below the usual percentages. This is in fact the principal theme of that 
first group of improvement methods to which I shall later refer. We shall 
see that much can be and has been accomplished in this direction. 

One hurdle, however, has always inconveniently early barred this 
path. When the carbon or silicon content of an iron casting are too far 
lowered in search of higher properties, the portions that cool rapidly — 
thin sections, edges or corners — ^fail to graphitize and in them hard and 
unmachinable carbides make their appearance. The resulting casting, 
although exhibiting better physical properties in its heavier, gray sec- 
tions, is “chilled,’’ white and unmachinable in its lighter sections. 

This tendency of gray iron to “spill over” into white iron — to revert, 
incidentally, not to the stable but to the unstable form — definitely 
limits the level of mechanical properties obtainable in gray and machin- 
able plain iron and has been a principal cause of the retardation of 
progress in the metallurgical development of this material. 

This behavior of iron may be demonstrated nicely in the well-known 
“step-bar” test, by observing the structure and hardness of irons of 
different composition in the different sections of a step-bar casting 
(Fig. 1). If we attempt to increase the hardness of plain iron in 1-in. 
section much beyond its natural limit of perhaps 200, by lowering the 
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silicon (or the carbon) content, the thinner sections I)ecoine white 
and unmachinable. 


By 
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Fig. 1. — Hardening gray iron in step-bar castings. 

By decreasing the silicon content or by addition of either nickel or chronuum and 
nickel in balanced proportion. 
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Fig. 2. — Structural diagram for cast iron according to Greiner and 
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The limits of composition and of casting section thickness within 
which iron remains gray and machinable are well shown in the Maurer 
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structural diagram for cast iron as well as that of Greiner and Klingen- 
stein* which is here reproduced (Fig. 2). The best plain irons are of 
full pearlitic structure and are shown therein, bordered on the one hand 
by soft and weak iron of ferritic structure, and on the other by unmachin- 
able irons of mottled or white structure. If the properties of the pearlitic 
irons lying in the areas just bordering on mottled iron are explored, 
values will be found ranging from 25,000 to 35,000 lb. per sq. in. in 
tensile strength and from 175 to 225 in Brinell hardness. In irons 
produced by modern methods of composition and melting control, these 
values of tensile strength may be found increased to 40,000 to 60,000 lb. 
per sq. in. and, of hardness, to 200 and 230. 

These are about the optimum properties of plain gray iron — experience 
has indicated that — and in order to improve upon them we must have 
recourse to alloys. They permit us to extend still further the useful 
working limits of mechanical properties in gray iron, and to raise the 
level of their properties beyond those possible in plain foundry iron. 

Finally, the application of heat-treatment to gray iron jdelds still 
further enhancement, particularly of its hardness and resistance to wear. 

Let us review for a moment these three methods for the manipulation 
of cast iron and its properties. 

Improvement op Iron by Modification op Melting and 
Casting Technique 

It is natural that in seeking improvement in the strength of iron, 
metallurgists should have turned first to methods familiar to them and 
have sought to reduce the amount of weakening graphite. And why 
not do this simply by reducing the total carbon content of iron through 
the use of steel additions in the cupola? The first response to this 
natural query was ^'semisteeF' — a response which has played a most 
important role in the subsequent development of high-strength iron. 

In its earlier years — ^from about 1910 until the ^20^s — semisteel was 
usually produced with moderate steel additions in the cupolaf — ^from 
10 to 30 per cent — and its tensile strength ranged from 20,000 to 30,000 lb. 
per sq. in. During the '20's it underwent rapid development; the per- 
centage of steel was increased and with it the strength of the result- 
ing product. 

But other developments were also taking place. Difficulties were 
early encountered in the control of cupola operations when melting steel 
and producing low-carbon iron, and they suggested the advantages of 
the electric furnace, of which many were installed in foundries in this 
country beginning in the ’20 ^s. It was found possible in this furnace 

* Stahl und Eisen (1925) 46, 1173. 

t Some foundries even then were using higher percentages; McPherran reports 
using 60 per cent of steel as early as 1913. 
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accurately to control composition, and electric-furnace gray iron could 
be offered of low carbon content possessing tensile strength varying from 
35,000 to 50,000 lb. per sq. in. In the course of his studies of electric- 
furnace iron, Elliott^ came to a realization of the favorable effect of 
‘‘superheating^’ of molten iron upon its quality and characteristics, and 
he noted that superheated electric iron required more silicon than 
ordinary iron. Piwowarsky^ later was able to show that the superheating 
of iron, at least within certain temperature limits, not only refined its 
graphite structure but increased its combined carbon content as well. 
The idea was thus introduced of refining the graphite structure of iron as 
well of reducing the amount of graphite. 

Discussion of the reason for this useful refining effect of superheating 
led to a theory of the production of fine graphite structure in iron ; namely, 
that it was necessary to eliminate from the molten iron undissolved 
graphite residues, which served as crystallization nuclei for the formation 
and growth, during solidification, of coarse graphite flakes. 

This theory appeared to explain also the improved results being 
obtained not only in the electric but also in the air furnace. Heating 
molten iron for longer periods at lower temperatures yielded beneficial 
structural results and strength comparable with those after short periods 
at higher temperatures.^ 

The graphite-residue theory was also probably at the bottom of the 
reasoning which led to the development of the so-called ‘^inoculation” 
or ladle graphitizing methods developed at the Ross-Mcehan foundries, 
and by Coyle.* If we wish to be sure that an iron inherits no graphite 
from its former state, why not choose an iron which is normally white in 
structure? In these methods cupola charges are so chosen as to yield a 
“tapping” iron of low silicon and of moderately low carbon content, 
which would be white if cast. Graphitizing agents, however, arc added 
in the ladle just before pouring the molds, which render the resulting 
iron gray and machinable. These agents may be calcium silicide, as in 
the Meehanite process, or ferrosilicon (Fig. 3). 

An attempt in a slightly different direction to utilize low-carbon 
irons was that comprised in the Lanz process,^ in which irons of about 
3 per cent carbon and 1 per cent silicon, or less, were graphitized by 
casting into heated molds. It was these products which for a tim(‘ 
carried the name of “pearlitic” irons and which demonstrated anew 
those advantages of low silicon and carbon content in iron which had 
long ago been pointed out by Keep. 


^ References are at the end of the paper. 

* Mr. Jerome Strauss has related the interesting fact that he witnessed as early 
as 1920 the use of ferrosilicon by Outerbridge in Philadelphia in “inoculating’* ladle 
iron for the production of lathe bed castings. 
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As a consequence of the progressive realization by foundrymen of the 
valuable roles played by these various factors of foundry melting prac- 
tice in the improvement, and notably in the strengthening of iron, wide 
use is being made of them today in the production of high-test iron. 
The actual methods of high-test iron production have not yet suffered 
restrictive standardization and their detail varies in the different foun- 
dries producing it. The most important single factor is certainly 
reduction of carbon content — ^from its usual figure in gray iron of from 
3.20 to 3.40 per cent to a range between 2.50 and 3.0 per cent. These 
irons are produced from electric furnace, air furnace, rotary furnace and 
the cupola; and the reduction of carbon content, particularly in cupola 
operations, is secured by steel additions up to 60 and 80 per cent. 

Ladle graphitizing is commonly practiced, and superheating as well, 
particularly in the electric furnace. Cupola-melted steel-bearing charges 
probably yield an important portion of the production of high-test iron 
today and ladle graphitization is widely practiced in connection with 
such operations. 

Tensile strength values of 40,000 to 50,000 lb. per sq. in. are obtained 
readily without the use of alloy hardeners, * and their use is not normally 
justified from the cost standpoint in securing strength values within 
this range, except when other considerations are also involved. 

A most important factor in securing these gratifying results is that 
of better foundry control of composition and melting practice, a factor 
emphasized by EmmeP and others. The comment is often made that 
without a “high-test” foundry there is no “high-test” iron! The 
successful everyday production in a foundry of iron of 40,000 to 50,000 lb. 
per sq. in. in tensile strength is a good testimonial to the character of the 
technical control there exercised ! 

Although these various methods have permitted substantial enhance- 
ment in the strength properties of gray iron, it does not follow that the 
simple theories advanced to explain these pleasant results are necessarily 
adequate for this purpose. Refinement of graphite structure in gray 
iron may usually be a result of the undercooling of molten iron below the 
graphite eutectic temperature, but the results of recent investigations 
indicate pretty clearly that this failure to undercool is not solely caused 
by the presence of graphite residues in the molten iron. 

The significance of the presence of other crystallization nuclei in 
molten iron, such as inclusions of oxides, sulphides and silicates, th(! 
so-called “silicate slimes” of von Keil,® has become more and more 
apparent, and we can in some cases trace a pretty clear connection 
between the production or the elimination of such inclusions and the 
coarsening or refining of graphite. 

* But alloys such as ferrosilioon or calcium silicide may be used for ladle graphi- 
tization even in irons of this range of strength. 
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The explanation of many of the puzzling aspects of superheated iron 
and of the response of iron to alloy additions may well be found also to 
be closely related to the character of the inclusions affected by such 
treatments.® It is not unlikely that the value of such elements as 
calcium and silicon in connection with ladle graphitization methods may 
be related to their deoxidizing action and to the consequent formation of 
fine disperse inclusions. 

It must also be noted that the character of the graphite structure is 
not always the sole or even the principal determinant of strength, as it 
has been rather simply assumed to be in the past. Most foundries 
producing high-test iron have encountered puzzling instances of irons of 
substantially similar analysis and of similar graphite structure, which 
yet possessed widely different strength values, and I present a micro- 
graphic illustration of this sort (Fig. 3). When we distinguish more 
carefully between primary austenitic grain-structure refinement and 
graphite-flake refinement, and consider them as independently effective 
features of iron structure and when, in addition, we take into account 
more intelligently the effect of the presence or absence of the many types 
of inclusions which infest iron, we shall be well on the road to a clearer 
explanation of what we do when we make high-test iron. 


Effect of Alloys on Iron 

The idea of using alloys in cast iron cannot be claimed for modern 
times. One Hickling, as early as 1799, took out a British patent cover- 
ing the construction of hollow 
vessels of nickel cast iron. And, 
beginning as early as 1900, we 
have had sulficient information 
available concerning the effect of 
certain alloys upon iron to permit 
a realization of their economic 
value to foundries. 

There was not, however, a real 
market for high-quality iron until 
after the World War, when the 
automotive industry began to 
seek better iron and to stimulate 
foundries to improve their prod- 
uct. Furthermore, it is no 
secret that the industrial devel- 
opment of the foundry use of 
alloys has had a pretty intimate 
association with a natural ambition on the part of alloy producers to 
develop a market for their product. And this organized interest in 



Per Cent Chromium 

Fig. 4. — Graphic picture of published 

DATA ON EFFECT OF CHROMIUM ON BrINELL 
HARDNESS OF GRAY IRON AND ILLUSTRATING 
VARIATION OF RESPONSE TO CHROMIUM ADDI- 
TIONS OF DIFFERENT COMPOSITIONS OF IRON. 
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support of alloy iron did not develop fully until the years after the war. 
If it is not too inappropriate for me to suggest it, I should like to point 


Table 1. — Summary of Structural Effects of Alloys on Iron 



Percent- 
ages 
Used in 
Pearlitic 
Irons, 
Per Cent 

“Chill" 

Effect on 
Carbides 
(at High 
Tempera- 
tures) 

Effect on 
Graphite 
Structure 

Effect on 
Combined 
Carbon in 
Pearlite 

Effect on 
Matri.x 

Chill-inducing Elements 







Chromium 

0.15-1.0 

Increases" 

Strongly 

stabilizes 

Mildly 

refines 

Incrou.ses 

Refines 
pearlite and 
hardens 

Vanadium 

0.15-0.50 

Increases 

Strongly 

stabilizes 

Refines 

Increases 

Refines 
pearlite and 
hardens 

Mildly chill-inducing 







Manganese 

0.30-1.25 

Mildly 

increases 

Stabilizes 

Mildly 

refines 

Increases 

Refines 
pearlite and 
hardens 

Molybdenum 

0.30-1.00 

Mildly 

increases 

About 

neutral 

Strongly 

refines 

Mildly 

iiKsreases 

Refines 
pearlite and 
strengthens 

Mildly chill-restraining 







Copper 

0.50-2.0 

Mildly 

restrains 

About 

nevitral 

.About 

neutral 

Mildly 

<iecreaseH 

Hardens 

Chill-restraining 







Carbon 


Strongly 

re.strains 

Decreases 

stability 

Coarsens 

Strongly 

decreases 

Rroduces 
ferrite and 
softens 

Silicon 


Strongly 

restrains 

Decreases 

stability 

Coarsens 

Strongly 

(hfcreuHos 

Produces 
ferrite and 
softens 

Aluminum 


Strongly 

restrains 

Decreases 

stability 

Coarsens 

Strongly 

decreases 

Produces 
ferrite and 
softens 

Nickel 

0.10-3.0 

Restrains*' 

Mildly 

decreases 

stability 

Mildly 

refines 

Mildly de- 
creases 
and sta- 
bilizes at 
eutoetoid 

Refines 
pearlite ami 
hardens 

Titanium 

Zirconium 

0.05-0.10 

0.10-0.30 

Restrains 

Restrains 

Decreases 

stability 

Strongly 

refines*' 

•About 

neutral 

Decreases 

i 

Produces 
f(»rrite and 
softens 
Produces 
ferrite ami 
softens 


« Chill-inducing effect about balances chill-restraining effect of I.V 2 parts of silicion or 2Li parts of 
nickle. 

Chill-restraining effect about one-half that of silicon. 

When added in small amounts and particularly when oxygen is also present. 


out that the history of alloy iron is not a bad illustration of tlu' nudal- 
lurgical benefits of commercial self-interest and ambition ! 

The industrial use of alloy iron was initiated, as far as my knowledge 
goes, in this country and in connection with the sale of Mayari pig iron 




PAUL D. MERICA 


25 


to chilled-roll foundries, beginning about 1912. It was not until about 
1918, however, that alloys were actually added to cupola gray iron and 
the use of nickel additions to cylinder iron at the Cadillac foundry 
appears to have been the first substantial application. During the 
’20's and subsequently, the use of the alloys nickel, chromium, molyb- 
denum, titanium, vanadium, copper and zirconium was taken up by 
iron foundries. 

Time does not permit me to dwell at length upon the individual 
effects which these alloys exert upon the structure and properties of 
iron. Because of the variability in response to alloys, of different grades 
and composition of iron, the quantitative presentation even of their 
simpler effects upon hardness, strength and chilling power is difficult. 
This may be seen from the graphical picture of the various published 
data on the effect of chromium upon the strength of iron (Fig. 4) and 
which exhibit considerable divergence. I have therefore preferred 
instead to present a qualitative picture* of those features of their 
relation to iron which are of principal importance for their industrial 
use in iron (Table 1). No two of these alloys exercise precisely the same 
effect upon iron; each has its own flavor and individuality — and therein 
lies much of their potential value to foundry metallurgy, for their very 
diversity of action gives us greater flexibility of control over the properties 
of cast iron, particularly when the alloys are used in combination with 
one another. 

There are, however, certain traits common to many of these alloys. 

Most of them refine the grain and graphite structure of iron — some of 
them, such as titanium and molybdenum, quite markedly, as is illustrated 
in the photomicrographs of plain and titanium-treated iron (Fig. 5). 

Most of them build up and stabilize carbon in pearlite form and refine 
and harden the pearlitic matrix of iron, and may transform it into sorbite 
and even martensite. 

Certain of them — notably chromium and vanadium — act powerfully 
to induce chill,” to stabilize carbides and to restrain carbide decomposi- 
tion into graphite, whether during solidification or in the solid state at 
higher temperatures. 

Some elements promote graphitization and are chill-restrainers,” 
and this effect in the case of small additions of elements such as titanium 
and zirconium may be related to their marked deoxidizing effect. Indeed, 
the effect of small amounts of certain elements on chill is often reversed 
when further amounts are added. 

Many alloys — such as nickel and copper — refine graphite structure 
and harden pearlitic matrix and at the same time diminish susceptibility 


*The American Foundrymen’s Association expects to issue shortly a compre- 
hensive report, through one of its committees, on the effects of alloys on iron. 
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to chill; while molybdenum, with similar eJffect, increases chilling tendency 
only mildly. 

The value of these alloys in gray iron lies principally in the fact that 
the various useful effects which they induce in iron— whether building 
up of combined carbon in pearlitic form, hardening or strengthening- 
are secured with less increase of chilling susceptibility, and consequently 
with less sacrifice of machinability, than is possible by other means. If 
I may use a slightly loose term, it is the capacity of alloys to produce 
maximum machinable hardness '' in gray iron which is their fundamental 
contribution to it. 



Fig. 5. — Refinement of graphite structure through titanium additions. 

(Courtesy G, F. Comstock.) 

a. Plain cupola iron. b. Same iron with 1 per cent ferrotitanium added. 


This contribution is sometimes secured by the addition of a single 
alloy, and it may be noted that such additions should be made to grades 
of iron suited to the alloy in question. Thus chromium, a chill-inducing 
element, is best added to a high-silicon iron, and nickel, a chill-restraining 
element, to a low-silicon iron. More frequently alloys are added to 
iron in combinations of two or even more, and such combinations are 
generally made in what is called a “balanced ratio'' — that is, balanced 
with respect to the effect of the combined alloys upon susceptibility to 
chill. Balanced additions, for example of chromium and nickel, of 
(topper and chromium, of vanadium and titanium, do not alter the 
chilling powen* of the iron but nevertheless refine its structure and hardtui 
its matrix. 
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These structural effects are again well illustrated by the results of 
step-bar tests of plain and alloy iron (Fig. 1). In plain iron the Brinell 
hardness in 1-in. section could not be increased to 217 without rendering 
even a 3^-in, section difficultly machinable. In either a low-silicon iron 
with addition of nickel or a 2 per cent silicon iron with ^'balanced’' 
chromium-nickel addition, the hardness of 1-in. section could be increased 
to 241 with but faint evidence of chill even in the ;^^-in. section. These 
same effects are portrayed in a somewhat different manner in the diagram 
of another figure (Fig. 6). It is difficult in a plain iron to choose a 
composition which will be reasonably hard and strong in heavy section 
yet gray and machinable in light ones. Even with moderate alloy 



Light Medium Heavy Light Medium Heavy Light Medium Heavy 
Section of Casting 


Fig. 6. — Diagrammatic presentation op effect of alloys in widening range 
OP mechanical properties in irons which are pearlitic and at the same time 

MACHINABLE. 

additions, suitably chosen, this difficulty is relieved, and with larger 
additions, the level of properties in all sections may be lifted without 
encroachment of chill and of machining trouble. 

In general it proves possible through the use of alloys to increase the 
tensile strength from 10 to 50 per cent and to raise the level of hardness 
from about 175 to 225 in plain iron to as high as 275 and even 300, with- 
out getting into the range of white or mottled iron with consequent 
sacrifice of machinability. 

Examination of the step-bar casting data will reveal a still further 
contribution of alloys. Gray iron exhibits variation in the mechanical 
properties of thick and thin sections and from center to surface of a heavy 
casting section. It is afflicted with what has been called section- 
sensitivity T’ Thus, in the step-bar casting used as illustration the 
hardness of 2.23 per cent silicon iron varied from 187 in 1-in. section to 
217 in 3^-in. section, a difference of 30 points. The hardness of 2.83 per 
cent nickel iron varied, however, only 21 points — from 241 to 262. 
Piwowarsky® has emphasized the significance of this situation in iron 
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and has shown that whereas silicon tends to widen the variation of 
properties with section thickness, many alloys diminish this disparity, as 
is indicated in the figures reproduced from his results (Figs. 7, 8 and 9). 

I call your attention also to a practical illustration of this effect in 
the results of a survey of bore hardness of an automobile truck cylinder 
in plain and in alloy iron (Fig. 10). The greater uniformity of the hard- 
ness along the bore is evident, as well as its higher level throughout. 

We can conclude that alloys not only raise the level of physical 
properties in gray iron but that also they render their values more uniform 
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Fig. 7. — Effect of silicon on section sensitivity {Hugo, Piwowartsky ami Nipper, 

1935). 


throughout the various sections of a casting. This effect is of advantage 
not alone from the standpoint of machining but also from that of mechan- 
ical design, which may with alloy iron be based upon a greater assurance 
of the structural and mechanical uniformity of iron castings. 

The alloys in most common use today in foundry iron are chromium, 
copper, molybdenum and nickel. Vanadium, titanium, zirconium and 
tungsten are also coming into more general commercial use and for many 
uses are gaining favor among foundries. 

Other alloys, however, have not been overlooked by foundry metal- 
lurgists in their exploration of the means of improving iron. Aluminum, 
arsenic, antimony, boron, bismuth, calcium, cerium, cobalt, lead, mag- 
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nesium, tin and others have been investigated, and some of these have 
been demonstrated to be of dejBbiite commercial value in iron for special 
applications. Thus, aluminum is a necessary component of irons for the 
nitriding hardening of iron and is sometimes used in heat-resisting irons. 
Calcium silicide is currently used as a ladle graphitizer in the Meehanite 
process for the production of high-strength iron. Boron has recently 
been used for the hard-surfacing” of iron castings. 



Fig. 8. — Effect of molybdenum on section sensitivity {Hugo, Piwowarsky and 

Nipper, 1935). 

I should like to mention also that two of the elements occurring in 
pig iron, silicon and manganese, are themselves frequently added to iron 
today in ferroalloy form, and it seems probable that more extended use 
will be made of these alloys. These alloys are cheap and, particularly 
silicon, appear to exert effects when added in the ladle different from 
those secured through their introduction in the pig iron itself. 

Heat-treatment of Iron 

The third method of improving iron, by heat-treatment, recalls an 
art which' has had its major development in application to steel. It 
may be regarded as adding the finishing touches to the improvement in 
iron quality already built up by better foundry control and the use 
of alloys. 
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Gray iron responds to heat-treatment in a manner quite similar to 
that of steel, although its tensile strength cannot thereby be increased to 
anything like the same levels as that of steel. 

Plain, unalloyed iron castings of simple shape and design can be 
heat-treated and are currently so treated today with beneficial result, 
particularly when the composition of the iron is so chosen as to be 
of moderate carbon content and of full pearlitic structure. The 
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Fig. 9. — Effect op nickel-chromium on section sensitivity {HugOj Ptwowarnky 

and Nipper, 1935). 

major portion of heat-treated gray-iron castings today, however, are of 
alloy iron. 

Just as with steel, many alloys lower the critical cooling rate for 
hardening and permit better penetration of hardening, particularly after 
oil quenching. In addition, they allow the quenching operation to be of 
less drastic character than would be required for the development of 
equal properties in plain iron. 

Most commercial castings which it is desired to heat-treat are of such 
size as to require alloy iron for effective penetration of hardening, and 
may be also of such shape as to require moderation of quenching rate in 
order to avoid thermal damage and distortion during quenching. In the 
face of either situation recourse is usually had to alloy iron. 
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Several methods are available for the production of a casting which 
can be machined and finally heat-treated to a Brinell hardness of 300 to 
500. The popular method in this country is to use pearlitic iron with 
balanced alloy additions and which is machined in the ^^cast^^ condition, 
and then oil-quenched and tempered. 

Another method, one that is popular abroad, is to employ enough 
alloy to render the iron definitely air-hardening. Such an iron may 
contain, for example, about 4 per cent nickel, 1 per cent manganese and 
0.30 per cent chromium, and is hard as cast, but may be softened for 
machining by annealing at 600° C. After machining at about 300 to 
330 Brinell, it may again be hardened, if desired, by an ^^air-quench^’ 
and draw, yielding a Brinell hardness of from 350 to 400. 

Two outstanding examples of the application of heat-treatment to 
gray iron are the die for forming sheet metal and the cylinder liner for 
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automotive or Diesel engines. As an illustration of the benefits, from 
the standpoint of service performance, conferred by heat-treatment of an 
alloy iron I may cite the fact that heavy forming dies made in chromium 
nickel iron and after machining, oil-quenching and tempering, have a 
Brinell hardness of 275 to 350. In this condition they are yielding 
production records from 5 to 10 times those of plain iron dies, which 
they have largely replaced. 

Chromium, nickel and other alloys, particularly molybdenum, 
vanadium and manganese, are used in such castings and both sin- 
gle alloy additions and balanced additions are utilized in current foun- 
dry practice. 
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Sometimes it is desired merely to harden a portion of a casting by 
heat-treatment, as in the automotive (camshaft, of which the cam surfaces 
only need be hard. Such hardening* is currently practiced by heating 
the area in question by the oxyacetylene flame and allowing the heated 
portion to cool in the air. 

Although heat-treatment of gray iron is limited today to a few types 
of castings — principally forming dies, engine cylinders and liners, machin- 
ery gears and cams — its practice has become of substantial importance in 
those fields, and it seems very probable that it will be largely extended 
in the future. 

Industrial Applications op Modern Cast Iron 

Enough has been said to demonstrate that metallurgical progress of 
recent years has provided us with many aids in the production of cast 
iron of higher quality and enhanced properties. And if one may be 
permitted a generalization, which like most generalizations is only partly 
true, one could suggest that the main theme of the modified molting 
methods for the production of high-test iron is that of refinement of 
graphite structure and increase of strength, whereas that of alloy addi- 
tions is matrix hardening and structural stabilization. 

I should now like to turn again to another side of the picture and to 
review some of the industrial applications of modern high-duty iron. 
In most industries, but particularly in that of transportation and of ]X)wer 
machinery and of machine tools, where there is ever an insist(mt dcunand 
for better materials of construction, those irons are finding increasing 
application. Their various uses follow engineering })atterns (dos(‘ly 
paralleling the several metallurgical directions in whie.h iron has enjoyc^d 
technical progress. 


Machinable Gray Iron 

The field of pearlitic, machinable, gray-iron castings was the one in 
which the stirrings of regenerative progress were first evident, and it 
remains today the most important single field in which use is made of 
improved iron. Two objectives arc primarily sought in modern pearlitic 
iron — high strength, on the one hand, and better wear-resistance, on the 
other. Sometimes the two qualities are required in the same castings, 
although metallurgically they are not as compatible in gray iron as 
might be anticipated. 

High-strength irons are currently used for such applications as cylinders 
for Diesel engines and compressors; for locomotive frames and cylinders; 
in pump casings and liners; for beds and frames of machine tools; for 
valve bodies and fittings and for mine-hoist drums. 


Developed by Campbell, Wyant and Cannon Foundry Co, 
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Such irons have in many instances replaced steel castings and even 
forgings — ^in brake drums, for converter rollers, in gears, for steam- 
cylinder heads and in flyivheel castings. More frequently they have 
replaced ordinary iron in castings which otherwise would have had to be 
specified in steel at a higher cost, and have thus permitted increases in 
capacity without radical and costly change in design. 

The most outstanding illustration, of course, has been the substitu- 
tion of cast iron for steel in forged automobile camshafts and crankshafts 
for Diesel and other engines. During the past 10 years this substitution 
has been very general as far as the camshaft is concerned. The use of a 
high-test iron crankshaft has likewise become common during the past 
six years for Diesel engines and small engine units operating at inter- 
mediate or low speeds. A cast crankshaft is used in the Ford engine 
but it is a high-carbon steel rather than a cast iron. 

In addition to their higher strength,these irons are also more rigid than 
ordinary gray iron and possess elastic moduli ranging from 15,000,000 
to 25,000,000 lb. per sq. in., as compared with values of 12,000,000 to 
15,000,000 lb. per sq. in. usually associated with the weaker irons. These 
higher elastic moduli of the high-test irons are of obvious value in con- 
nection with their use for machine tools and many other castings where 
rigidity approaching that of steel is required. 

When strength values in the higher range of 50,000 to 80,000 lb. per 
sq. in. are required, alloys are generally added to high-test iron. Molyb- 
denum effects a substantial improvement in strength of gray iron, and 
is today frequently found as a component of high-strength alloy irons 
in amounts from 0.30 to 1.00 per cent. Nickel is often used, from 1 to 
1.5 per cent, sometimes with a higher manganese content up to 1.00 per 
cent. The combination of 1 per cent nickel and from 0.30 to 1.0 per 
cent molybdenum is a popular one. 

When the engineering consideration is primarily that of wear resist- 
ance, the means used to improve iron diverge somewhat from those just 
indicated for high-strength iron. Graphitic carbon appears to make a 
definite contribution both to the frictional and to the wear-resisting 
properties of iron and for many applications of iron requiring these 
properties it proves undesirable to reduce its amount much below 
3.25 per cent. Other means than reduction of carbon content must be 
used in order to secure the proper structure and hardness required for 
wear-resistant irons. 

It is in this field that alloys have found their greatest popularity. 
Even in irons of suflBlciently high-carbon content — ^from 3.00 to 3.50 per 
cent — to afford good frictional properties and wear resistance, a high 
level of hardness may be secured in machinable alloy irons. The usual 
range of hardness in which such irons are employed today is from 200 to 
250, but in many castings the alloy additions are so chosen as to yield 
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even higher values — up to 275 and even 300, and by heat-treatment these 
may be increased up to 500. 

These high hardness values are associated with pearlitic or sorbitic 
structure and are reflected in substantially better wear performance, not 
only as indicated by laboratory tests but in practical service as well. 

Irons of this type find wide application in many industries : as Diesel- 
engine cylinders and liners, for sheet-metal forming dies, in pump and 
compressor cylinders and liners, machinery gears, cams and sprockets. 

The most prominent examples of the use of wear-resistant alloy iron 
are to be found in the automotive industry, in the engine cylinder, in 
brake drums and clutch plates and in camshafts; the majority of these 
castings are made in alloy iron. 

The use of alloy iron in cylinders has permitted the Brinell hardness 
specified on the cylinder bore to be raised from 160-“175 to 190-210. 
It is generally considered that the harder cylinders have given from 50 to 
100 per cent more mileage for the same amount of wear. For heavier 
cylinders used in buses and trucks, liners are often used and arc heat- 
treated to a bore hardness of from 300 to 500. Eddy^° reports a 200 per 
cent increase in effective service life of such liners as compared with 
unlined cylinder blocks previously used. 

For brake drums and the camshafts, alloy iron has replaced the steel 
originally used. The iron brake drum does not warp under the thermal 
conditions set up during braking and gives more dependable braking 
service than steel Although no service records appear to be available, 
it is the general impression that these drums also give longer life than 
steel or plain iron. ' 

The principal objective sought in the substitution of the iron for the 
steel camshaft was economy, particularly in the saving in forging-die 
expense as compared with pattern cost. Experience has indicated, 
however, that the wear resistance of cam bearings and gears has been 
entirely satisfactory as compared with the same parts of the forged steel 
camshafts with casehardened cams. 

Table 2 shows that there is considerable diversity in the selection of 
iron compositions for wear-resisting service. And for the same type of 
castings there are often several different alloy combinations in current use. 

We find the alloys sometimes used singly as in the 0.25 to 0.76 per cent 
chromium irons with increased silicon content and the 0.50 to 2.00 per 
cent nickel irons with decreased silicon; molybdenum iron with from 
0.30 to 1.00 per cent molybdenum is in common use. Combinations 
of alloys are more frequently used and there is a disposition among some 
foundry metallurgists to regard combinations of alloys as more economical 
carriers of their practical values than single additions. When alloy 
combinations are used, the additions are likely to be made in balanced 
ratios. And we find chromium-nickel, copper-chromium, molybdenum- 
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nickel-vanadium, molybdenum-copper and molybdenum-nickel combi- 
nations among those which are most commonly used in wear-resist- 
ing service. 


Table 2. — Illustrative Examples of Compositions of Alloy Iron in Use at 

Present 


Application 

Total C 

Si 

Mn 

Cr 

Cu 

Mo 

Ni 

Automotive-cylinder blocks 

3.35 

2.20 

0.75 

0.35 



0.70 


3.25 

2.25 

0.60 

0.30 



0.25 


3.25 

2.00 

0.70 


0.60 




3.20 

2.15 

0.70 

0.50 


0.50 

0.50 


3.25 

2.20 

0.60 

0.50 

1.00 

1.00 

0.20 


3.35 

2.00 

0.70 

0.35 



1.75 

Brake drums 

3.30 

2.25 

0.65 

0.30 



0.25 


3.25 

i 2.00 

0.60 


1.00 

0.50 



3.40 

1 2.40 

0.70 



0.75 

1.00 


3.20 

1.90 

( 

0.70 

0.50 



1.50 

Crankshafts 

2.50 

2.50 

1.00 



1.00 

1.00 


2.80 

2.10 

0.70 



0.60 

1.25 


1 3.00 

2.00 

0.80 

i 


0.75 

1 1.50 


1.60 

0.95 

0.70 

0.45 

1.75 



Sheet-metal forming dies 

3.25 

1.50 

1.25 



0.70 



3.60 

1.50 

0.50 


VO. 20 


1.75 


3.00 

2.20 

0.75 

0.35 


0.60 

2.00 


3.00 

1.45 

0.90 

0.90 



3.00 

Machine-tool beds 

3.30 

1.60 

0.60 

0.25 


0.20 

1.00 


3.00 

1.00 

0.75 

0.35 



1.25 


2.90 

1.90 

0.90 




1.50 

Hot-strip mill rolls 

3.00 

0.60 

0.25 



0.35 



3.00 

0.55 

0.20 

0.25 


0.25 

2.25 


3.10 

0.60 

0.20 

0.40 


0.40 

3.50 


3,50 

0.90 

1.30 

2.00 



4.50 


3.40 

0.60 

0.25 

1.30 


0.40 

4.50 

Grate bars 

3.25 


0.70 






3.60 

1.70 

0.50 


VO. 15 




3.30 

1.50 

0.40 




1.50 


A highly alloyed chromium-nickel iron, for example, may contain 
0.60 per cent chromium and 1.50 per cent nickel, a moderately alloyed 
iron, 0.30 per cent chromium and 1.00 per cent nickel. Tor medium and 
light section castings, small additions of alloy may be used, such as 
from 0.15 to 0.25 per cent chromium and 0.10 to 0.50 per cent nickel, and 
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such, combinations are popular for smaller automotive cylinders. These 
smaller chromium-nickel additions may be partly or wholly added in the 
form of Mayari iron or synthetic alloy pig irons, which are also available. 

I do not want to weary you with these recitals of evidence that metal- 
lurgists do not always agree, since we are likely to have had ample evi- 
dence of this fortunate circumstance at our meetings this week. I shall 
close these particular lists, therefore, not because they are complete but 
because they will have illustrated the lack of standardization and the 
diversity of practice followed today in the choice of alloy irons for wear- 
resisting service. They will have indicated also a very healthy state of 
competition among the different alloys and alloy combinations used 
in iron. 


Allots as a Foundry Aid 

The enhancement of the physical properties of iron may properly be 
regarded as the outstanding result of recent progress in the metallurgy of 
cast iron. There is another aspect of it, however, which is hardly less 
important, and which is appreciated particularly among those who carry 
the responsibility for foundry production. It is the possibility of lower- 
ing the cost of finished castings through improvement in the machinability 
of the iron used as well as through diminished loss of scrapped castings 
which fail to meet physical property specifications. 

Too frequently for his own comfort, the foundryman faces the 
dilemma of producing castings hard and strong enough to meet his 
engineering specifications and soft enough to machine economically! 
Yet failure in either sense may be costly, particularly when it is realized 
that for every dollar spent on a rough casting there may be from 60{i to 
$10 spent on machining the casting! And this dilemma presents itself to 
the foundry in many different ways. How to secure good properties in 
the heavy section of a casting of which a thin section must be machined? 
How to produce satisfactory thin-section and thick-section castings out 
of the same foundry iron? How to take care of daily variations in iron 
composition, which bring trouble in the machine shop? 

All those steps which improve the uniformity of structure and of 
properties in gray iron and increase the level of hardness and strength 
in readily machinable iron give the foundryman a greater margin of 
safety in meeting the two requirements of all these problems — requisite 
hardness and ready machinability. And from what has been shown of 
the effect of alloys in decreasing section-sensitivity in gray iron and in 
raising the level of its physical properties, it will not be difficult to under- 
stand why alloys have come to be looked upon as “foundry aids” in meet- 
ing production problems. 

Many foundries are in position to cite examples of savings in machin- 
ing cost or through reduction of scrapped castings equal to many times 
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the cost of the alloy additions and this field of foundry use of alloys con- 
tinues to be a substantial one. 

It should be emphasized that much can be done and is being done in 
the direction of improving section uniformity even without the use of 
alloys. All of those modifications of melting methods which serve to 
reduce carbon content and to refine graphite structure aid also in improv- 
ing the uniformity of structure and properties in sections of different 
thickness and in consequence aid in meeting production problems. Pro- 
gressive foundries today are taking advantage of the opportunities 
offered in this sense by improved production methods as well as by the 
use of alloys. 


Alloy Irons in Mining and Metallurgy 

The mining and metallurgical industries have not been backward 
in adopting some of the newer cast irons, and it may be of interest to 
review briefly some of the applications of such irons in mining equipment 
and in rolling mills. 

The pearlitic, high-test irons just described are employed currently 
for many parts of mining machinery and rolling-mill equipment for which 
higher strength and hardness are required — such as crusher frames and 
shells, compressors and pumps, hoisting drums and hammer frames. 
There are, however, two rather special types of alloy iron which hold par- 
ticular interest for engineers in the mining and in the petroleum fields. 

Martensitic White Iron , — White or chilled iron finds extensive use for 
the wearing parts of crushing and grinding equipment. Its chill hardness 
varies within the range from 400 to 500 Brinell, depending largely upon 
its carbon content. When chromium and nickel are added to such 
^'chillable'^ iron, its hardness is increased and when the alloy additions 
are suflhcient to render the iron martensitic in structure, this hardness 
may be as high as 600 to 700. By the aid of special treatment, it has 
recently been possible in our laboratory to secure Brinell hardness values 
even in excess of 700 in such an iron. 

These martensitic white irons of high hardness exhibit correspond- 
ingly enhanced wear resistance and, particularly in crushing and grinding 
equipment, are today yielding production records and exhibiting service 
life often many times those of plain chiUed iron and sometimes superior 
to other materials. 

Roll segments of chromium-nickel martensitic iron crushed 179,000 
tons of coke in equipment in which plain iron segments 3 delded only 
60,000 tons, and coal-pulverizer hammers of the same material were in 
operation during the grinding of from 2400 to 2900 tons of coal as against 
400 to 600 tons with plain iron hammers. Alloy-iron crusher jaws have 
handled more than 400,000 tons of hard lead-zinc ores and have replaced 
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alloy-steel jaws which were worn out after crushing about 225,000 tons. 

For sand-pump and dredge-pump bodies, for ball-mill and rod- 
mill liners, for grinding balls, for ore chutes and grizzly disks, and for 
other similar castings, these martensitic alloy irons have found increas- 
ing application. 

Similar irons have also been adopted by steel and nonferrous mills 
for rolls, both for cold and hot-rolling, and alloy rolls have indeed become 
practically standard for many rolling-mill operations. For cold rolls 
martensitic chilled iron offers a material, harder than plain chilled iron — 
from 86 to 90 Shore as against about 65 Shore — and cheaper than forged 
and hardened steel rolls. Such rolls require substantially less dressing 
than plain rolls and in tin-plate operations, for example, have been used 
for 40 to 50 days without redressing as compared with about one week 
for plain chilled iron. I believe indeed that it may fairly be said that 
this type of iron has been an important factor in the success of continuous 
hot-rolling of strip steel, since plain chilled iron is too soft for all but the 
earlier stages of such operations and hardened steel is subject to heat- 
cracking and does not retain its hardness under temperature. 

Favorite compositions for hard chilled iron are chromium-nickel, 
molybdenum and chromium-nickel-molybdenum, these alloys falling 
generally within the following limits: nickel, 2.50 to 6.0 per cent; chro- 
mium, 0.50 to 2.50; molybdenum, 0.25 to 1.00. Vanadium and also 
tungsten aid in securing good chill structure in iron and may be destined 
to play an important role in future production of martensitic and of alloy 
chilled irons. 

Corrosion-resistant Iron . — Not alone the mechanical characteristics 
of iron have benefited by the progress of recent years. There arc other 
directions, of almost equal interest and significance, in which iron has 
undergone important development. One of these is corrosion resistance. 

When fairly large percentages of certain alloys are added to iron, from 
10 to 25 per cent, a group of materials results which is characterized by 
substantially improved corrosion behavior. These include, for example, 
the acid-resistant 12 to 15 per cent silicon irons and the high-chromium, 
high-carbon content irons, which possess excellent oxidation as well as 
heat resistance. Although derived from cast iron, these alloys are not 
usually considered as belonging to the cast-iron family. 

There is a group of austenitic alloys, however, which can properly be 
classed with cast iron, since they contain from 2 to 3 per cent carbon, 
much of it in the form of graphite, and they are gray in structure and 
machinable. These irons are mechanically similar to gray iron, having a 
tensile strength of about 25,000 lb. per sq. in. and a Brinell hardness of 
125. In other respects they resemble the austenitic steels. 

One of the austenitic irons most commonly used today bears the 
trade name ^'Ni-Resist,’^ and contains approximately 14 per cent nickel, 



PAUL D, MEEICA 


39 


6 per cent copper, 1 per cent manganese and 2 per cent chromium together 
with about. 3 per cent carbon. It is used industrially primarily because 
of its corrosion resistance but also in consequence of certain other spe- 
cial characteristics. 

As may be seen from Table 3 in which I have cited representative cor- 
rosion-behavior data on Ni-Resist — ^from both field and laboratory 
experience — its corrosion rate ranges from one-third, in milder environ- 

Table 3. — Corrosion Behavior of Plain and Alloy Iron in Comparison 
with That of Other Materials 
(From Laboratory Tests and Field Experience) 


Corrosion, Mg. per Sq. Dm. per Day 


Corroding Media and Conditions of Test ] 

Ni- 

Resist 

Cast 

Iron 

18-8 

Bronze 

Acetic acid (33 per cent), quiet, unaerated, 
room temperature 

17.0 

840 


18.6® 

Hydrochloric acid (1 per cent), quiet, unaerated, 
room temperature 

32.5 

1,007 

6,880 

35.0 


41. 8» 

37. 2« 

Sulfuric acid (5 per cent), quiet, unaerated, 
room temperature 

37.2 


Atmosphere, 1^-yr. test 

3.5 


Petroleum refining: acid oil in still, 360® F 

Naphtha, acid-treated, 100® to 110® F 

35.0 

97.9 

1,598 

1,082 

161 


1,200& 

Water from kerosene distillate, 105® F 

201 


1,053& 

Water, saturated with H 2 S 

51 


Sodium hydroxide, concentrator, 70 per cent i 
NaOH, 250® F 

458 

1,460 

366 

588 


Salt spray, saturated brine, steam and air, 
200® F 

25.0 


Whisky distilling: spent mash, thick 

56 

270 



Paper industry: Sulphite paper stock (0.02 gal. 

per liter free Cl and 0.15 gal. per liter HCl) 
Liquid fatty acids, oleic and stearic, in still 

120 

77 

886 

3,958 

0.07 

6.6 

86« 


“ Phosphor bronze. 

^ “Acid-resisting^’ bronze. 


ments, to as little as one-fifteenth in others, of that of plain iron. Its 
corrosion resistance in most media is not much inferior to that of ordinary 
foundry bronzes and in many is superior to it. 

The petroleum-refining industry was the earliest user of this material 
and makes wide use of it today for pumps and compressors, for valves 
and fittings handling acid sludges, caustic alkahs and distillate, etc. In 
these applications it has principally replaced plain iron, which it outlasts 
from three to five times. 

Its use has subsequently extended to the chemical and allied indus- 
tries — ^pulp and paper, soap manufacture, sewage disposal — where it has 
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replaced plain iron and often other materials as well for pumps, valves, 
fittings, s tills , etc. This material has even invaded the household in the 
form of the kitchen skillet! 

Although definitely inferior in corrosion resistance to the austenitic 
“stainless” steels, particularly when “stainlessness” or complete freedom 
from rusting is required, this type of iron has rapidly gained popularity for 
applications requiring at moderate cost a machinable, corrosion-resistant 
casting of fair strength, moderate hardness and good wear resistance. 
It has usually been introduced in replacement of plain iron but some- 
times has replaced bronze and even other more expensive materials. 

Irons of composition similar to Ni-Resist are nonmagnetic, and 
together with those containing 66 per cent manganese and 10 per cent 
nickel and known as “No-mag” are used for electrical castings where 
low magnetic permeability is required as well as high electrical resistance. 
Incidentally, “No-mag” was probably the first austenitic cast iron 
commercially used." 

At about the composition of Ni-Resist, austenitic irons have a high 
coefficient of thermal expansion, about 50 per cent higher than that of 
plain iron. In consequence they have been used for aircraft-engine 
cylinder liners of high thermal expansion to match that of the aluminum- 
alloy pistons running in them. For similar reasons they are used for 
valve-stem guides on gasoline engines and for internal chillers in foundry 
molding operations. 

At a higher nickel content, about that of Invar, these irons have a low 
coefficient of expansion and have found special applications where low 
thermal expansion is required; such, for example, as paper plate dies in 
gauges and in glass holding machinery for light bulbs. 

These highly alloyed corrosion-resistant irons present an excellent 
illustration of the capacity of cast iron, under manipulation, to develop 
new and valuable resources permitting it to invade industrial fields 
wholly new to it. 

'‘Growth’’-resistant Iron . — In addition to the corrosive conditions at 
ordinary temperatures which iron is called upon to moot, it is widely used 
for castings exposed to oxidizing conditions at higher temperatures — ^in 
gas-engine or oil-engine cylinders and exhaust manifolds, for steam valves, 
in grate bars for the combustion of coal and for glass or metal molds. 
Ordinary iron has long been known to suffer impairment of strength and 
structure during exposure at these temperatures, associated with certain 
volume changes, which have earned for this phenomenon the name 
of “growth.” 

Plain gray-iron castings may thus through combined oxidation and 
growth increase in volume by rather enormous amounts — over 60 per 
cent. This instability has been disturbing to engineers and has been 
the reason for the replacement of iron by steel in some types of service. 
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It has been found possible, however, to ameliorate this disability in iron 
and to develop special irons which are substantially growth-free. 

Without entering into an extended discussion of the phenomenon of 
growth, it may be said that it is known to be associated with the insta- 
bility of iron carbide and with its decomposition at higher temperatures 
into temper carbon, as well as to the damage suffered internally in iron 
when it is heated and cooled through its transformation-temperature 
range at about 1200® F., where it contracts and expands in volume. 

Growth phenomena above and below the transformation temperature 
are somewhat different in character but the methods which have been 
found effective in reducing the susceptibility of iron to growth appear in 
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Fig. 11 . — Effect of chbomium on gkowth of cast ikon {Burgess^ 1932 ). 

general to be valid in connection with both. These methods may be* 
resolved into two groups, comprising on the one hand modifications of 
composition which tend to increase the structural stability of the carbides 
and on the other the more drastic recourse to an iron which undergoes 
no thermal transformation. 

Ferritic or pearlitic irons can be improved in growth behavior by 
lowering their silicon or their carbon contents, particularly when, as in 
the hot-mold process, pearlitic irons, these may be lowered as far as 
3 per cent of carbon and 1 per cent of silicon. 

With or without such favorable adjustments of the base composition 
of the iron, additions of elements which induce chill and confer stability 
upon the carbides improve growth resistance very substantially. The 
element which is today most commonly used for this purpose is chromium, 
and whether in gray or white iron castings, growth-resistant, pearlitic 
alloy irons are likely to contain this element in amounts up to 1 per cent 
and even more. The effect of chromium in reducing growth above the 
critical temperature is well illustrated in the data of Fig. 11. A chro- 
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mium content of 0.79 per cent reduces the growth of iron to less than 
one-fifth of its value in plain iron. Vanadium appears also to exercise a 
very strong stabilizing effect upon carbides and may find increasing 
favor in growth-resistant pearlitic irons. 

If the castings for use at high temperatures do not require machining 
and therefore may be of white or mottled iron, which incidentally is 
itself more resistant to growth than is gray iron, single additions of chill- 
inducing elements are likely to be used. 

If, however, growth resistance is required in machinable gray cast- 
ings, balanced alloy additions such as of chromium and nickel are chosen, 

or the chilling effect of the added chromium 
is offset by appropriate increase in the 
silicon content. 

All of these methods are currently prac- 
ticed in improving the growth resistance of 
pearlitic irons and they permit restraint of 
growth under various conditions to as little 
as one-half, sometimes to one-fifth, of its 
extent in plain iron. The alloy irons of these 
types, particularly those containing amounts 
of chromium up to 1 per cent, show also a 
diminished rate of oxidation at high tempera- 
tures and scale less readily than plain irons. 
Such irons are widely used for grate bars, 
for stoker links, glass and metal molds, die- 
casting machine parts and melting 
containers. 

If still greater thermal stability and oxi- 
dation resistance are required, a more highly 
alloyed composition of iron must be chosen, 
preferably one which undergoes no thermal 
transformation at high temperatures. An 
^'NicrosilaT' developed by the British Cast 
exhibits superior resistance to growth and 
to scaling at high temperatures as may be seen from Fig. 12. This 
iron contains 2 per cent chromium, 18 per cent nickel and 6 per cent 
silicon. The Ni-Resist type of austentic alloy iron is likewise a growth- 
resistant and oxidation-resistant iron. Both of these compositions are 
substantially stable in volume and properties at temperatures up to and 
even above 1500® F. as may be observed from Fig. 12, 

Ni-Resist has found many practical applications in replacement of 
plain iron and exhibits substantially superior stability at high tempera- 
tures — for example, as in glass molds and rolls, grate bars, stoker tuyeres, 
miscellaneous furnace parts, stove lids. Hot sections of glass annealing 
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furnaces operating at 1100® to 1400® F. have outlasted plain cast-iron 
parts which they have replaced as much as ten to one. 

Although these irons possess excellent heat-resisting properties at 
moderate temperatures, they are definitely inferior to the chromium-iron 
and chromium-nickel iron alloys and are not recommended for service at 
temperatures over about 1500® F. 

Ferritic irons containing 5 to 7 per cent aluminum, as well as 6 to 
7 per cent silicon (Silal) have also been used for growth and heat-resistant 
castings and likewise exhibit excellent performance in this sense. They 
are somewhat more fragile than the austenic iron, however. 

Reference should be made also to the high-chromium, high-carbon 
alloys containing from 15 to 30 per cent chromium and from 1 to 2.5 per 
cent carbon. These alloys have also very superior heat-resisting proper- 
ties and resistance to oxidation. 

High-strength Pbarlitic Malleable Iron 

It is not possible for me to extend my remarks much beyond the field 
of gray and chilled iron. I do want, however, to say a general word 
about a direction of metallurgical development in malleable iron, which 
is, in my opinion, of considerable significance — ^that of so-called pearlitic 
malleable iron. 

If the graphitizing heat-treatment for conventional malleablizing 
is interrupted before complete graphitization, a material is secured of 
substantially pearlitic matrix together with temper carbon. The same 
structural result may be attained by reheating completely graphitized 
and ferritic malleable above its transformation temperature for partial 
reabsorption of temper carbon into solid solution. 

The resulting material possesses greater hardness and higher strength 
than the usual ferritic malleable, at the sacrifice of some ductility. 
Tensile strength values of over 75,000 lb. per sq. in. and as high as 
100,000 lb. per sq. in. are currently obtained, as compared with 50,000 lb. 
per sq. in. for ferritic malleable. 

These are values comparable with those of medium grades of cast 
steel, and while the ductility of these malleable irons is much less than 
that of steel — from 3 to 10 per cent elongation in the tensile test — they 
have nevertheless a considerable ability to withstand overstrain and 
overstress. Pearlitic malleable of the several varieties produced have 
found considerable application, particularly for castings requiring greater 
wear resistance — such, for example, as in chain products, bearings and 
brake drums — than is offered by ordinary malleable. 

Alloy additions are frequently made to pearlitic malleable irons both 
for the purpose of improving the structure and properties, and in order 
to control or retard graphitization — ^the most common alloys for this 
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purpose being manganese, molybdenum, copper, nickel and, in small 
amounts, chromium. 

These pearlitic malleable irons are interesting both from the metal- 
lurgical and the engineering standpoints as constituting an important step 
in bridging the gap between cheap but brittle iron and ductile but more 
expensive steel. With respect to physical properties, they represent a 
compromise between the two which not only proved useful industrially 
but has challenged our imagination to further steps in the same direction. 

And those further steps have not been lacking! In the search for a 
material which will best and most economically meet the complex require- 
ments of a high-speed gasoline motor crankshaft, the Ford Motor Co. has 
developed a copper-chromium-carbon alloy, which chemically and struc- 
turally lies between steel and pearlitic malleable and could without too 
much stretching of the meaning of these terms be regarded as a derivative 
of either. Whatever be its proper genetic name, its good engineering 
properties and its economy of fabrication have permitted it to become the 
first “ironlike” material used for passenger-car engine crankshafts and 
it has deservedly been stimulating to engineering and to metallurgical 
thought during the past year or so since it was adopted for thi.s use. 

It must impress us all alike that invention of this sort, breaking 
through the bounds of our conventional conception of materials, may be 
expected to bring in its train other similar and equally useful develop- 
ments and should, when practiced in the “no-man’s” land bordering 
cast iron, serve to extend still further the limits of usefulness of this mate- 
rial. Such developments tempt us to hope that we may sometime even 
attain that ideal objective — ductile gray iron! 

Conclusion 

Much more could be said about the characteristics and uses of modern 
iron, but, my watch warns me of the desirability of bringing to a close 
this, I fear, rather sketchy picture of the response of iron and of iron 
foundries to the demands of modern industry. 

Along with the many improvements which have featured this response 
has come something else as well — a progressive realization that the behav- 
ior of gray iron under the stresses imposed upon it in service is much 
better than would be inferred from its behavior in the conventional tensile 
test. And stimulated undoubtedly by the success of the cast-iron crank- 
shaft, the viewpoint is gaining ground among engineers that the principal 
disability of iron — its low ductility — has been more widely advertised 
by this test than it deserves. 

Graphite flakes in iron restrict and localize plastic deformation in it 
to those small blocks or cells of ductile matrix material bounded by the 
flakes. In consequence iron cannot be grossly deformed or distorted, as 
can steel. But it does not follow, as we have perhaps carelessly inferred. 
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that iron cannot accommodate itself to those smaller plastic movements 
which are required of a machine part in order to permit it to absorb safely 
these temporary overstresses which are actually encountered in service. 

Many metal parts — for example, a threaded screw — have sharp 
changes inscontour, which may almost as effectively restrict the possi- 
bility of deformation under overstress as do the graphite flakes in iron. 
At such notches steel cannot utilize its superior capacity for gross 
deformation and may have to behave much like iron! A sharply notched 
tensile-test specimen may in ductile steel not display much more gross 
ductility than in iron. 

When we examine the capacity of iron to withstand repeated over- 
stresses of the magnitude actually encountered in service, and when local 
stress concentration at notchlike contours is involved, we find a very 
interesting picture. Thum^^ quotes the results of fatigue torsion and 
bending tests on steel and iron crankshafts (which, of course, have sharp 
changes in section and contour). Crankshafts of high-grade steel, of 
tensile strength ranging from 100,000 to 200,000 lb. per sq. in. failed at 
much lower applied loads — ^from 10,000 to 15,000 lb. per sq. in. — and in 
consequence of local stress concentration. Similar shafts of high-test 
iron of about 50,000 lb. per sq. in. tensile strength, failed at loads only 
about 25 per cent less, although the tensile-test strength of this iron was 
from 50 to 75 per cent less than that of the steels! In another series of 
tests made in this country* high-strength alloy-iron crankshafts tested 
in fatigue with the center bearing offset 3^2 showed a life of 80 hr. as 
compared with 16 hr. for similar crankshafts in steel. 

Cast iron of good quality is evidently not far inferior, and maybe some- 
times even superior, to steel in what has been called ‘‘design strength’^ or 
“form strength^'; namely, in capacity to withstand applied loads and 
repeated moderate overloads when applied to service parts of usual com- 
plexity of shape and contour which induce local stress concentration. 

It is weU recognized that gray iron is superior to steel in its capacity 
to absorb vibrational energy safely. Its damping capacity is substan- 
tially higher than that of steel and may be double or tenfold that of steels 
of high elastic limit. This, curiously enough, is largely in consequence 
of the effect of those structural features of cast iron which impair its 
gross ductility and which alter the character of its elasticity. This higher 
damping capacity permits iron to “cushion’' the effects of “whipping” 
and vibration in machine parts, which if undamped would not only impair 
the proper functioning of the machine but would lead ultimately to 
fatigue failure. 

These recent, scientific findings of investigators only confirm the prac- 
tical fact long known to users of it that cast iron will stand much abuse! 


* Private communication. 
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And so when we consider the low cost of iron; when we consider 
those characteristics of iron for which it has always enjoyed respect — 
the ease and economy of its fabrication into complex shapes and forms 
and its excellent frictional properties and resistance to w^ear; and when 
finally we appreciate, as I have attempted to show, how the useful range 
of its properties has in recent years been extended and how iron has been 
more flexibly adapted to a wide variety of industrial service, I think we 
may agree that the renaissance of cast iron which w^e have witnessed in 
the last 15 years is likely to continue and to gain momentum as the years 
pass by. 

In connection with the presentation of this lecture I have been privi- 
leged to receive many private communications and data concerning 
several of its aspects and I wish to express my grateful appreciation to all 
of those who have rendered such friendly assistance. 
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Offsetting Increased Labor Cost in Southern Blast-furnace 

Operation 

By J. M. Hassler,* Member A.LM.E. 

(Cleveland Meeting, October, 1936) 

Nowhere -can there be found a more misleading statement than the 
old one that Iron can be manufactured cheaper in the South.” During 
the past decade ironmakers and users of iron have heard varied and 
sundry stories of the wonderful resources of the Birmingham district, 
including abundant ore and coal fields, cheap labor, a wonderful climate 
and similar industrial Utopian statements. Birmingham represents the 
major portion of the iron business in the South, and as Birmingham 
fares so goes the iron business of the South. 

The intent of this paper is to shed some light on the actual conditions 
surrounding ironmaking in the South, especially in the Birmingham, 
or North Alabama, district. By a presentation of facts it is desired to 
point out that the cheap iron” of the industrial South is a thing of the 
past, primarily because of increased labor cost and because labor is 
radically different in performance to what it was years ago. Also, 
because most of the raw materials needed in ironmaking that would be 
classed better than inferior are gone. 

Important Factors 

The several important factors that have been responsible for this 
change are: 

1. Shrinkage of the iron business in the South. 

2. Increased labor cost. 

3. The development of the South, with an industrial trend, without a 
substantial mcrease of its own iron-consuming market. 

4. Increased freight rates, which has narrowed the market that might 
be reached from this district. 

5. Depletion of the better grades of raw materials, both ore and coal. 

Shrinkage of Iron Business in South . — Table 1 was prepared in early 

1936 and revised in 1937, of blast-furnace units in the North Alabama 
district, considering the year 1936 compared with a maximum number of 
furnace units of previous years, the peak point being very near the year 

Manuscript received at the office of the Institute Sept. 1, 1936; revised May 8, 
1937. 

* District Chief Engineer, Republic Steel Corporation, Birmingham, Ala. Mem- 
ber since March 22, 1937. 
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1917. This comparison indicates that the shrinkage of the iron business 
in the North Alabama territory is primarily due to increased labor cost 
and narrowing of the shipping market. 

During the year 1917 there were 38 operating blast furnaces in the 
North Alabama district out of a total of 47, while during 1936 only 16 of 
22 available blast furnaces were operated. In other words, the number 


Table 1. — Shrinkage of Pig IroUj Ore, Coal and Coke Business in Alabama 
(From maximum number of operating units as compared with units operating or 

available in 1936) 


Operations 

1936 

Maximum" 

Blast furnaces: 




Operating 

xs{ 

12 entire year, 

, 3 part time 

38 

Total stacks 

22& 


47 

Tons produced 

1,993,679 


2,963,706 

Men worked ' 

16,567 


23,610 

Coal mines: I 




Operating 

229 1 

79 R.R. connection, 
160 wagon 

30D 

Tons produced 

12,698,749 


21,608,812/ 

Men worked 

23,297 (3.01 days part time) 

27,648 

Iron-oro mines: 




Operating 

28<i 

>0 

42i' 

Tons produced 

3,240,000‘» 

.0 

7,037,707'* 

Men worked 

3, 998**^ 

'<’ (part time) 

8,689'*, 

Coke ovens: 




Operating 

940 


6,1160 

Tons coke produced 

3,082,469 


4,868,598 

Men worked 

876 


3,720 


Soureoa of Data 


Ainorican Iron Steel Insti- 
tute, Annual Report. 

Estimated — directly and indi- 
rectly employed. 


Alabama State Mine Inspector's 
Office. 


U. S. Bureau of Mines. 


fl036: Ala. State Mine Inapec- 

< tor's office. Maximum: U. S. 
Bureau of Mines, 

U. S. B\ireau of Minos. 
fl936: Estimated directly and 

< indirectly employed. Maxi- 
( mum: U. S. Bureau of Mines. 


« All maximums shown are for year 1917 unless otherwise noted. 
Two of these being dismantled. 

« Includes beehive ovens. 

** Includes major brown-ore operations. 

• Year 1920. 

/ Year 1926. 

0 Year 1935. 


of available units has shrunk from 47 to 22, or 63 per cent in 19 years, 
crudely indicating the shrinkage of the iron business in the South. Of 
course, several of the blast furnaces have been enlarged and tonnage per 
furnace is considerably higher than in 1917, but total capacity for produc- 
ing iron tonnage in 1936 is only 62 per cent of what it was in 1917. 

Increased Labor Cost. — ^Labor has had a great deal to do with this 
shrinkage because increased labor rates have caused the proportion of 
labor in total cost to increase substantially. Current authentic data on 
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this subject are given by taking Government figures and comparing 
rates and labor cost. Table 2 is a statement prepared of 1000 wage rates 
in the Southern blast-furnace industry and compares the years 1933 and 
1935 — a pre-N.I.R.A. period with a post-New Deal period. It may be 
noted from this tabulation that prior to the N.I.R.A. approximately 
40 per cent of all workers in the blast-furnace industry were paid wages 


Table 2. — One Thousand Wage Rates of Workmen in Blast FurnaceSy 

Southern District^ 


Year 

1933 

1936 

Average Hourly Rate 

Number 
of Men 

Per Cent 

1 

Cumulative 
Per Cent 

Number 
of Men 

Per Cent 

Cumulative 
Per Cent 

$0.15 -0.20 

151 

13.7 

13.7 




0.20 -0.225 

110 

9.9 

23.6 

29.6 




0.225-0.25 

66 

6.0 




0.25 -0.275 

33 

3.0 

32.6 




0.27 -0.30 

85 

7.7 

40.3 

1 

0.1 

0.1 

0.30 -0.325 

51 

4.6 

44.9 

124 

11.9 

12.0 

0.325-0.35 

47 

4.2 

49.1 

94 

9.1 

21.1 

0.35 -0.375 

56 

5.0 

54.1 

73 

7.1 

28.2 

0.375-0.40 

57 

5.1 

59.2 

60 

5.8 

34.0 

0.40 -0.425 

75 

6.8 

66.0 

60 

5.8 

39.8 

0.425-0.45 

39 

3.5 

69.5 

62 

6.0 

45.8 

0.45-0.475 

34 

3.1 

72.6 

43 

4.2 

50.0 

0.475-0.50 

72 

6.5 

79.1 

36 

3.5 

53.5 

0.50 -0.55 

98 

8.8 

87.9 

96 

9.3 

62.8 

0.55 -0.60 

43 

3.9 

91.8 

60 

5.8 

68.6 

0.60 -0.65 

39 

3.5 

95.3 

95 

9.2 

77.8 

0.65 -0.70 

27 

2.4 

97.7 

81 

7.8 

85.6 

0.70 -0.75 

16 

1.4 

99.1 

45 

4.4 

90.0 

0.75 -0.80 

2 

0.2 

99.3 

31 

3.0 

93.0 

0.80 -0.90 

6 

0.5 

99.6 

45 

4.4 

97.4 

0.90 and over 

2 

0,2 

100.0 

27 

2.6 

100.0 




Total 

1109 

100.0 

100.0 

1033 

100.0 

100.0 



® From Bureau of Labor Statistics, Serial R-380 (1936). 


less than 30 per hour, while in 1935, 40 per cent of all blast-furnace 
workers earned as much as 45 ji, or an increase of 50 per cent. 

It might be easily proved, from specific company records, that cost 
of labor in pig iron in the Birmingham district has advanced from 57.69 
to 72.22 per cent in the total cost since 1932. Coal-mining labor, which 
ultimately gets into pig-iron cost, has increased 88 per cent since 1932; 
while raw materials other than labor have advanced only 14.46 per cent. 
This unbalanced labor to material advance is definitely shrinking the iron 
business in the Birmingham district because increased cost continues to 
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narrow the. radius of the shipping range, which already has shortened 
several hundred miles, and the remaining area does not furnish a market 
equal to the capacity to produce. 

Extensive mechanization has played an important part in offsetting 
this increased labor cost, as is shown by Fig. 1, which .show.s pig-iron cost 
after 18 years virtually the same. Individual rates have increased by 
groups, as shown by Table 3, in which the hourly wage rates of 1933 arc 
compared with those of 1935 for the several occupations of a blast-furnace 
operation, indicating an increase ranging from 10 to 15 per cent. 



Fig. 1 is a graphic chart of a single large operator in the Birmingham 
district that employs approximately 2000 men in the merchant iron 
business, including labor in ore and coal mining. Taking rec^ords ov('r a 
period of 16 years of this particular company and computing them in 
percentages, a definite trend of increased labor cost is ('vident. 'ITus 
graph shows that total cost per ton of pig iron approximates within 21 per 
cent of the men employed in 1916. On the other hand, it pay.s this 
55 per cent of its former men 246 per cent of the wage per man per annum 
that it paid in 1916. The producing rate of this company is within 
5 per cent of what it was in 1916. An interesting feature of this chart is 
the downward trend of the number of workmen and a definite upward 
trend of wages paid per man; while the trend of the cost per ton of iron 
is almost level and definite proof that many creditable things have been 
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Table 3. — Average Hourly Rates for Blast-furnace Employees, Southern 

District^ 


Year 

1933 

1935 

Occupation 

Number 
of Men 

Average 

Hourly- 

Rate 

Number 
of Men 

Average 

Hourly 

Rate 

Stock-house men 

26 

$0,329 

40 

$0,461 

0.423 

Larry men or scale-car men 

20 

0.30 

28 

Skip operators 

25 

0.348 

31 

0.444 

Blowers 

20 

0.67 

23 

0.881 

Stove tenders 

20 

0.410 

30 

0.565 

Blowing engineers 

28 

0.462 

21 

0.678 

Keepers 

30 

0.349 

30 

0.493 

Keeper helpers 

50 

0.301 

63 

0.412 

Pig-machine men 

47 

0.367 

38 

0.455 

Miscellaneous service 

64 

0.346 

92 

0.50 

Common labor 

127 

0.202 

150 

0.326 

Supervisors 

55 

0.516 

43 

0.746 

Indirect labor 

156 

0.362 

103 

0.569 


Total and average 

668 

$0,382 

692 

$0,534 



“Prom Bureau of Labor Statistics, Serial R-380 (1936). 


done to equalize cost. An attempt to explain some of the more meritori- 
ous items that have brought about this particular picture comprises a 
major portion of this paper. 

A recent report of the Southern States Industrial Council on com- 
parative wage rates of the North and South was recently issued in a 
bulletin which shows that since February 1933 wage rates have advanced 
30.4 per cent in the South and 14.7 per cent in the North. The average 
hourly rates in the South were 31.6ji per hour in 1933 and have increased 
to 41.2jzS in 1936, while in the North the hourly wage rates were VJ.bi 
in 1930 and are now 54.4ji. This particular study includes all Southern 
industries and is not specifically tied into blast-furnace operations. 
However, it does indicate that in actual money the Southern hourly wage 
has advanced 9.6ji as against 6.9jz5 in the North, or a net gain in the South 
of 2.7^ per hour, which, of course, is applicable to the blast-furnace 
business. The Southern rates, beginning at a lower level than the 
Northern, the 2.7 per hour gain in the South is a larger percentage than 
the gain in the North, thus lessening the much talked of differential. 

Wage Differential. — For years the impression has prevailed that there 
is a wage differential between the industrial Nortli and the industrial 
South. This is true; and there should exist a wage differential because 
of the very simple fact that owing to a very limited local market for the 
Southern industries, a wage differential must exist; for because of that 
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limited local market, the Southern manufacturer is forced to ship long 
distances and to absorb a substantial portion of the freight cost in his 
operating cost. 

The wage differential, however, during the N.I.R.A. period was radi- 
cally reduced, particularly in the iron and steel business in the Birmingham 


Table 4. — Average Weehly Earnings of Wage Earners in Blast Furnaces in 

1935 



Eastern 

District 

Pittsburgh 

District 

Great Lakes and 
Middle West 
District 

Southern 

District 

Occupation 

Number 
of Wage 
Earners 

Average 

Weekly 

Earn- 

ings 

Number 
of Wage 
Earners 

.Average 

Weekly 

Earn- 

ings 

Number 
of Wage 
Earners 

Average 

Weekly 

Earn- 

ings 

Number 
of W’age 
Earners 

Average 

Weekly 

Earn- 

ings 

Ore-bridge operators 

30 

$26.87 

23 

$26.24 

44 

$24.47 

a 

a 

Transfer-car operators. . . 

21 

18.37 

a 

a 

38 

20.84 

a 

ft 

Stockers 

90 

13.83 

183 

15.45 

143 

19.42 

40 

$17.59 

Larrymen 

23 

20.24 

74 

21 . 34 

103 

22.73 

28 

15.97 

Larrymen’s helpers 

a 

a 

20 

19.18 

48 

18.52 

a 

ft 

Skip operators 

a 

a 

63 

20.99 

42 

22.49 

31 

16.03 

Blowers 

15 

39.63 

35 

38.56 

71 

46.01 

23 

43.19 

Stove tenders 

28 

18,87 

62 

21.96 

0)5 

22.08 

30 

21.70 

Blowing engineers 

Blowing engineers' as- 

a 

“ 

43 

27.34 

57 

27.64 

21 

20.00 

sistants 

a 

a 

43 

22.46 

40 

24.61 

ft 

ft 

Keepers 

27 

19.50 

72 

22.72 

73 

23.13 

30 

18.26 

Keepers’ helpers 

84 

16.88 

201 

18.87 

210 

20.13 

' 6)3 

1 15.41 

Pig-machine men 

35 

16.77 

90 

13.81 

112 

21.23 

38 

: 16.94 

Cindermen (at dump).. . . 

a 

a 

43 

16.88 

42 

18.64 

h 

I & 

Common laborers 

78 

14, Ol' 

140 

14.89 

178 

18.12 

150 

10.53 

Miscellaneous labor 

67 

18.10 

74 

16.74 

90 

18.53 

92 

19.08 

Clerical, plant 

a 

a 

40 

23.00 

35 

24.24 

ft 


Supervisory, plant 

56 

32.92i 

156 

38.25 

168 

33.08 

43 

32.69 

Other direct labor 

a 

0 

39 

24.70 

29 

24.31 

a 

ft 

Other indirect labor 

62 

20.47' 

228 

21.74 

163 

22.54 

103 

22.01 

Average of totals 

616 

21.27 

1629 

22.38 

1751 

23.67 

042 

21,23 


® Not a sufficient number reported to present averages. 
* None reported. 


district. Base labor rates, prior to the N.I.R.A. approximating 18 to 
20 fi per hour, were increased to a SOfi minimum at the beginning of the 
Codes. This was a blanket 50 per cent increase. It is difficult to 
explain to the Northerner how 18 to 20 per hour could be a fair hourly 
wage, bcHiause it is impossible to depict living conditions, cost of food- 
stuff, and year-around cost of clothing. One must visit the site and se<! 
the several favorable factors that enter into living in the South that 
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allow an individual to live happily on a much smaller wage than he 
would be able to do in the North. It is the writer^s opinion, formulated 
by actual contact, that the common wage earner in the South at 20^ per 
hour fares considerably better and is generally happier than his brother 
laborer who lives in the Northern industrial centers and earns a much 
higher wage. 

To show a comparison of average weekly earnings of blast-furnace 
employees by the several iron-manufacturing districts of the United 
States, Table 4 is taken from statistics published by the Bureau of Labor 
Statistics. This table shows that the stockers, or stock-house crew, of 
the South earn more per week than the Eastern, or Pittsburgh district, 
and are excelled only by the Great Lakes district. Weekly earnings of the 
blowing engineers, keepers, pig-machine men, cinder men and men of 
the supervisory force are comparable and well in line with earnings in the 
other districts. If these figures are representative, and undoubtedly they 
are because of their source, where is there such an immense differential 
as we hear so much of? Certainly this differential does not exist in the 
blast-furnace operation or the iron business in the South; in spite of the 
fact that everyone who knows will admit that an individual workman 
can live more cheaply in the South than he can in any of the other 
mentioned districts. 

The point that is being made is the fact that in previous years a sub- 
stantial wage differential did exist. Table 4 is positive proof that, as far 
as blast furnaces are concerned, the differential has dissipated practically 
to the vanishing point. The extent of the handicap placed on Southern 
iron manufacturers by this condition is cited by Table 1 of this paper, 
showing the shrinkage of the iron business in the South. These two 
tables are self-explanatory and need no further comment. 

Southern Raw Materials . — For years much has been said about the 
wonderful resources of the Birmingham district, of the great mountain 
of red ore in the South and the great mountain of wonderful coal in the 
North; with abundant limestone and dolomite in the valley between coal 
and ore deposits. Table 5 is an analysis of the several seams of coal in 
the State of Alabama. Attention is directed particularly to the column 
showing ash percentage, with particular reference to the major seams of 
coking coal; namely, Pratt, Mary Lee and New Castle, that will average 
better than 10 per cent ash. Consider only the coals usable for metal- 
lurgical purposes. It is necessary to utilize extensive coal-preparation 
and washery plants, the average of which would represent an investment 
in excess of $100,000, for a tonnage necessary to operate a single blast 
furnace. In other words, this coal must be washed and literally scrubbed 
to remove impurities to make it fit for coking purposes, and even then 
yields a coke ash approximating 12 to 13 per cent, or 30 per cent higher 
than typical Northern coke. 
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Attention is also directed to the percentage of sulphur. The average 
sulphur content of the coking coal is more than 1 per cent, Mary Lee 
or Big Seam coal being 1.10 per cent, Pratt, considered a low-ash coking 
coal, 1.57 per cent sulphur, and New Castle 2.00 per cent. Note also 


Table 5. — Average Analysis of Alabama Coal Seams as Sampled and 
Analyzed on As-received Basis 


Seam 

Moisture, 
Per Cent 

Volatile 
Matter, 
Per Cent 

Fixed 
Carbon, 
Per Cent 

Ash, 

Per Cent 

Sulphur, 
Per Cent 

B.t.u. 

America 

2.61 

29.56 

59.27 

8.55 

1.76 

13,591 

Black Creek 

3.41 

33.39 

59.71 

3.41 

1.02 

14,237 

Black Shale 

4.60 

35.10 

57.90 

2.40 

[ 0.60 

14,210 

Blue Creek 

3.84 

23.64 

63.01 

9,48 

! 0.70 

13,478 

Bragg 

2.30 

33.60 

57.40 

6.70 

i 1.50 

13,800 

Brookwood 

3.58 

j 28.74 

57.89 

9.74 

1.00 

13,270 

Carter 

2.80 

30.00 

59.33 

7.86 

0.90 

13,699 

Clark 

2.31 

35.26 

54.96 

7.46 

0.64 

13,750 

Corona 

2.44 

38.91 

48.95 

9.70 

2.25 

12,878 

Gholson 

3.01 

35.17 

53.34 

3.47 

0.67 

14,232 

Glass 

2,50 

31.00 

54.60 

11.90 

0.70 

13,030 

Gould 

2.97 

30.21 

58.97 

7.85 

1.83 

13,622 

Harkness 

2.33 

32.90 

54.67 

10.09 

2.00 

13,319 

Helena 

3.71 

33.53 1 

54.36 

8.38 

0.59 

13,255 

Henry Ellen 

2.52 

33.13 

52.91 

11.44 

0.87 

13,091 

Jagger 

2.95 

29.29 

52.09 

15.66 ' 

0.94 

12,213 

Jefferson 

2.25 

32.74 

58.48 

6.48 1 

3.15 

13,947 

Mary Lee 

2.86 

29.82 

55.11 

12.19 

1.10 

12,841 

Maylene 

2.99 

36.55 

53.08- 

7.38 

0.44 

13,070 

Milldale 

2.11 * 

31.26 

62.09 

4.52 

0.91 

14,347 

Montevallo 

2.51 

36.78 

53.22 

7.48 

0.83 : 

13,481 

New Castle 

2.97 

30.46 

52.82 

13.75 

2.00 

12,593 

Nunnally 

2.22 

34.41 

55.37 

8.00 

0.95 1 

13,566 

Pratt 

2.45 

29.60 

61.46 

6.38 

1.57 ^ 

14,149 

Thompson 

3.00 

35.29 

54.83 

6.86 

0.59 

13,518 

Woodstock 

3.19 

34.61 

58.52 

3.67 

1.05 j 

14,138 

Yessick 

4.21 

29.85 

45.36 

20.58 

1.54 : 

11,008 

Youngblood 

2.71 

34.67 

57.43 

5.19 

1.26 

14,373 

Mount Carmel 

3.14 

29.98 

53.90 

12.96 

0.80 

12,606 


^ Reported by U. S. Bureau of Mines and taken from Forty-fourth Amuial R<‘port 
of State Mining Department of Alabama (1935). 


the fact that there are many high-volatile coal seams in Alabama, with a 
noticeable absence of low-volatile coals, which are necessary sometimes 
for mixing with high-volatile coals to eliminate swelling during (a>kiug. 
Therefore it is necessary to ship low-volatile coals for mixing purposes 
from West Virginia or Kentucky, which adds again to production cost in 
the South, and is another handicap. 
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Table 6 gives a comparisoR of the several sample analyses of red ore 
taken a mile apart along the ore range and utilized for metallurgical 
purposes in the Birmingham district. By adding the silica and alumina 
and subtracting the lime the balance of acids and bases is shown. It is 
thus obvious that the coke ratio necessary to reduce these ores is con- 
siderably above that of Northern blast-furnace practice. A Northern 
operator would consider these ores inferior and a definite handicap to his 
operation. Nevertheless, they represent the best available within the 
Birmingham district. 


Table 6. — Samples of Red Ore from Birmingham District Taken about 

One Mile Apart 


Sample No. 

Fe 

(Metallic Iron) 

SiOa 

AhOz 

CaO 

P 

1 

52.39 

16.65 

4.86 

0.36 

0.25 

2 

44.32 

31.60 


5.15 

0.23 

3 

43.01 

21.61 

5.11 

4,19 

0.30 

4 

40.67 

14.90 


7.48 

0.34 

5 

41.79 

38.41 


4.07 

0.30 

6 

37 . 17 - 

23.73 

3.03 

9.81 

0.34 

7 

35.89 

23.19 

3.25 

10.79 

0.32 

8 

39.31 

11.01 


15.32 

0.34 

9 

33.78 

11.05 

3.31 

19.32 

0.30 

10 

48.11 

18.63 

5.59 

2.09 

0.35 


Conclusions Regarding Increased Cost. — The foregoing is an attempt 
to show: (1) that ironmaking cost in the South has increased; (2) that 
wages of blast-furnace employees have increased and thus have increased 
the cost of the iron; (3) that wages of Southern blast-furnace employees 
now very nearly approach wages paid in other districts; (4) that the 
North-South wage differential is a small margin as applied to blast 
furnaces; (5) that superior grades of raw materials, ore and coals 
are depleted and materials used now are decidedly inferior because 
of impurities. 

The Southern iron manufacturer, therefore, has faced a tremendous 
problem of offsetting these items. Had they been ignored it would have 
banished the iron business entirely from the South. Fortunately, the 
Southern operator has gone to work. Apparently he has used every 
possible facility available to improve cost; to offset the tremendous 
increase in labor cost. Imagine the plight of any business, already 
shrinking, suddenly having its base labor cost increased 50 per cent, as 
happened in the South with the inauguration of the Codes, and being 
forced to grope blindly for quick improvements while awaiting prices 
advances and increased volume of business. 
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Some of the things done in the South to offset increased cost may seem 
elementary to one fortunate enough to have already installed similar 
improvements or able to do so at once. To effect them under difficulties, 
however, deserves commendation; and is reason for their mention and 
description herein. 

Improvements to Offset Increased Cost 

The chart in Fig. 1 may be taken as a cross section of the iron business 
of the South, because it was prepared from actual records of one of the 
larger iron manufacturers. It shows labor cost per ton only 5 per cent 
increased, while earnings per man increased 246 per cent and there were 
employed only 45 per cent as many men as during 1916. Tonnage 
production being only 5 per cent in favor of 1936, the comparison is 
fairly considered. It is obvious that many changes in methods of opera- 
tion must have been made during the intervening years. Extensive 
laborsaving devices must have been employed to reduce men 55 per cent. 
Certainly elBSiciency of mechanisms used has improved to hold cost within 
5 per cent of the 1916 figure, if workmen earned 246 per cent more. 

Many of the accomplishments or improvements from 1930 to 1935, 
most of which were stimulated or inspired by the necessity of (U)st reduc- 
tion, were very ably desci'ibed by Francis H. Crockard.^ 

Sintering Flue Dust 

One of the most outstanding improvements in the blast-furna(‘.e 
operations in the South, and a major factor in offsetting increased labor 
cost, has been made at the Thomas Works of Republic Steel Corporation, 
where a complete sintering plant was installed during the first part of 
1936 and put into operation in June. This unit is the first and only 
sintering operation in connection with blast furnaces in the Southland. 
This statement will be difficult for the Northern blast-furnace operator to 
understand because there are many sintering plants in the North and 
practically all the blast furnaces use a great deal of flue-dust sinter. 

It was generally thought that it was impossible to properly sinter 
Southern flue dust, primarily because Southern ores are siliedous and use 
considerably more coke than Northern blast furnaces. The dust, 
therefore, contains an excess of carbon. Another factor is that some of 
the ores used in this district are self-fluxing or more than self-flu!xing and 
contain excess amounts of lime. Numerous experiments approaching 
sintering were undertaken, most of which were efforts to nod\ilate flue 
dust so that it could be charged back into the blast furnaces. 

Several papers have been written on efforts to beneficiate flue dust and 
on treatment of dust preparatory to sintering. A Bureau of Mines 

^F. H. Crockard: Five Years of Progress in Southern Blast-furnace Practice. 
Trans. A.I.M.E. (1936) 120, 36. 
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publication^ stated as a conclusion: ^^The high content of gangue in 
the average flue dust of the Birmingham district makes it unfit to treat 
in the same manner as those of other districts where direct sintering is 
suflBicient to produce a satisfactory product.^’ 

One local scientist spent considerable effort in separating the coke, 
or carbon, out of flue dust by a jig and then briquetted the remaining 
material for recharging into the furnace. His results were satisfactory 
but the expense connected with the process was prohibitive. 

Early in 1935, Republic Steel oflicials became interested in sintering 
Southern flue dust, because great mountains of flue dust were available 
at the blast-furnace plant, the material having been considered waste as 
far as Southern blast furnaces were concerned. 

By a series of tests, it was found that much of the flue dust contained 
more than 10 per cent carbon and in most samples the carbon content 
ranged from 15 to 19 per cent, so that when sintered it became a molten, 
metallic mass. It was found, by experimentation, that dilution of this 
carbon with a material that contained no carbon made it sinter readily. 
Extensive tests were subsequently run on a Dwight-Lloyd sintering 
machine owned by the Ducktown Chemical & Iron Co., at Ducktown, 
Tenn., and later at the sintering plant of the American Ore Reclamation 
Co., Buffalo, N. Y. These tests were run by mixing several grades of 
Southern flue dust with ore dust in varying proportions, and carefully 
noting the analyses of the resulting sinter. 

Table 7 shows the percentage of ore mixed with the flue dust and 
resultant sinter analyses of nine of these tests; also, analyses of the ores 
that were mixed with the flue dust, average analysis of sludge and dump- 
pile flue dust. These tests show that a comparatively good grade of 
sinter was made by mixing 50 per cent flue dust and 50 per cent of B ore, 
which was over self-fluxing, containing 19.32 per cent CaO. Plue dust 
of No. 1 sample resulted in 14.29 per cent CaO versus approximately 
20 per cent acids in the sinter. The test proved conclusively that the 
problem was of no importance, because it was simply a matter of diluting 
the carbon to approximately 8 per cent, or a point at which it would sinter. 

Another mixture that was deemed acceptable, and one with which it 
would be possible to utilize both A and B ores, which is desirable, was 
sample No. 4, wherein 18 per cent of an ore that was not self-fluxing, 
marked A, was used and 32 per cent of an over self-fluxing ore, marked B, 
was used. These two ores represent the extremities of the ore range at 
Birmingham. A ore is taken from a mine at the northeastern extremity 
of the active ore field and B ore from the field at the southwestern 
extremity of the ore range. While all Red Mountain hard ore comes from 
the same seam, there is an appreciable difference in the ore from the 

^ Magnetic Concentration of Fine Dust of the Birmingham District. TJ. S. 
Bur. Mines R.L 2761 (1926). 
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several different mines on the mountain. The analyses of the two ores 
(Table 7) show the wide difference in acids and lime content. Mixing 
these two ores was desirable from Eepublic Steel's standpoint because it 
operated mines at the two extremities of the ore range. 


Table 7. — Test of Sintering Flue Dust Mixed with Ore, to Dilute the Carhon 

June, 1935 


Mixture, Per Cent 


Sinter Analyses, Per Cent 


Sample No. 

Flue 

Dust 

Sludge 

Flue 

Dust 

Ore A 

Ore B 

Fe 

SiOa 

AI2O3 

CaO 

P 

Mn 

1 

42.0 

8.0 


50.0 

40.93 

16.68 

4.81 

14.29 

0.30 

0.59 

2 

42.0 

8,0 

18.0 

32.0 

40.62 

18.76 

4.65 

13.77 

0.33 

0.57 

3 

50.0 

10.0 

15,0 

25.0 

40.83 

20.08 

4.88 

12.19 

0.26 

0.62 

4 

40.0 

10.0 

IS.O 

32.0 

40.62 

23.64 

5.15 

12.92 

0.32 

0.59 

5 

50.0 



50.0 

41.14 

16.24 

5.07 

15.51 

0.36 

0.63 

6 

50,0 


18.0 

32.0 

40.72i 

18.46 


12,93 

0.32 

0.60 

7 

60.0 


15.0 

25.0 

40.72 

19.32 


13.14 

0.32 

0.66 

8 

50.0 


50,0 


40.62 

17.64 


10.48 

0.26 

0.61 

9 

46.0 

8.0 

16.0 

30.0 

40.62 

21.98 


12.08 

0.31 

0.65 


Analyses of Materials Used, Per Cent 



Fe I 

Si02 

ALOs 

CaO 

P 

Mn 

MgO 


CO 2 

Ore A 

35.89 

23.19 

3.25 

10.79 

0.32 

0.16 

0.70 



Ore B 

33.78 

11.05 

3.31 

19.32 

0.30 

0.16 

0.70 



Flue dust, average 

34.54 

16.89 

3.76 

8.35 

0.24 

0.61 


10.67 

6.73 

Sludge, average.. , 

33.56 

16.48 

4.14 

10.05 

0.27 

0.73 


13.10 

4,40 


The plant erected at the Thomas Works consists of arrangements 
for properly mixing four kinds of ore or flue-dust material. Each of the 
bins for the four raw materials has separate feeder tables that may be 
adjusted to mix the desired percentages, from which the material goes 
into a crusher where congealed lumps of flue dust or coke, su(‘h as are 
found in the old piles of flue dust, are broken down. (Fig, 2.) 

The ore mixed with the flue dust is a minus liAxi, hard red ore material 
from either of two mines and pyrites that might be purchased throughout 
the South from the several chemical plants or fertilizer operations. The 
pyrites are low in phosphorus and are used as a medium of phos- 
phorus control. 

Fig. 3 shows an arrangement of the ore screens erected at the mines to 
provide the minus M-in. material. There is a primary and a secondary 
crusher. The primary crusher is set to break the hard ore down to less 
than 4 in. and the secondary crusher can be set to crush the 4-in. lumps 
of ore down to % in., but more generally is operated at 1 or 1} « in. setting. 
The ore then is put over a large 60 by 144-in., heavy-duty, double-deck, 
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shaker screen of the Robins Gyrex type. This screen has a mesh of 1-iii. 
clear opening on the top deck and .^^-in. clear opening on the bottom 
deck; thus providing a plus 1-in. material, which goes over the top; 
an intermediate of minus 1 plus and a fine ore going through the 

clear opening screen. The three sizes of ore arc binned in such a 
manner that they may be loaded directly into railroad cars or storc'd .so 
that the cars may be shifted on the tracks in proper sequence. 
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Ptk mouth 
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“Arrangement of ore-preparation pxjANT at Raimitni) mink, Republic 
Steel Corporation. 


In obtaining the minus ore for sintering, tlieri^ are also obtained 
two definite sizes of ore that might be charged directly into the blast 
furnace, effecting the many advantages of charging sized orc^s, as pointed 
out by C. C. Furnas and T. L. Joseph.*^ 

Southern ores, being of hematite structure and hard, wlu^n screened 
as outlined above provide a wonderful material for blast furnaces, Ix^cause 
the large sizes are as clean as if separately wasluxl and the fincT sizes arc 
segregated and sent to the sintering plant. This orevseuxx^n arrangement 
at the ore mines of Republic Steel Corporation is an outstanding improve- 
ment in the Southland. It is interesting to blast-furnace men because the 
complete arrangement for providing sized ore, exclusives of tlu^ crushing 
equipment that was already installed, represents an inv(‘stment of less 
than $10,000. There is no reason why any mining operation already 
having a primary and secondary crushing unit cannot install proper 


2 C. C. Furnas and T. L. Joseph: Stock Distribution and Gas-solid Contact in the 
Blast Furnace. U. S. Bur. Mines Tech. Paper 476 (1930). 
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screens and bins for providing sized ore at an investment of less than 
$10,000 if it has means of disposing of the very fine ore, such as sintering. 

The sintering plant is on the blast-furnace property. It consists of 
the four bins mentioned above, a heavy-duty, double-roll crusher, incline 
conveyor to the pug mill, or mixer, where proper moisture is added, thence 
to machine swinging spout, or feeder. The machine is a Dwight-Lloyd, 
72 in. wide by 76 ft. 6 in. long, containing 98 pallet units and having a 
capacity of 60 tons of sinter per hour when operated at a speed of 112 in. 
per minute. This speed may seem too great to Northern operators, 
but it must be remembered we are dealing with flue dust containing more 



Fig. 4. — Blast pressure during August 1936. 
a, before, b, after using sinter, sized ore and electric automatic clay gun. 


than 10 per cent carbon and sintering speed ranges from 8 to 14 in. of bed 
depth per minute. 

A unique feature of this particular plant is that it is erected directly 
on top of the stock house in such a manner that the sinter from the 
machine may be directly discharged into the stock-house bins, thence 
through scale cars to skip and charged into the furnace without railroad 
switching or handling. By simply manipulating a gate it may be dis- 
charged into railroad cars for stocking or for other disposition. 

Another feature is that this plant is open; it is not housed in with 
siding as is the custom in the North. This, of course, is because of the 
climate in northern Alabama, and affords a wonderful relief from the dust 
problem that ordinarily goes with a closed sintering plant. 
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The advantages and effects of sinter on the furnaces are shown in a 
crude way by Fig. 4, a record of the blast pressure of No. 2 blast furnace 
before and after using sinter, sized ore and installation of an electric 
automatic clay gun. Note that “ before ” it was necessary to '‘snort the 
furnace in order to move it, while “after'' the furnace moved itself, which 
is another novelty in Southern blast-furnace operation, because few 
Southern furnaces move themselves. 

Sinter made from “home-grown" flue dust has been placed on the 
furnaces at Republic's Thomas Works in varying amounts of 20 to 50 per 
cent, and even 100 per cent for a few days. Its effect on the furnace, 
along with charging sized ores, may be seen from the following practice 
on one furnace, taking an equivalent period before and aft(T using sized 
ore and sinter: 



Hofon* 

After 

Flue dust produced, lb 

16,067,800 

140 

13,579,100 

121 

Flue dust per ton of iron, lb 

Charges 

U),478 
451 1 

18,947 

457 

Average daily production, tons 



There is a difference of 2,488,700 lb. of flue dust, or 15.5 por cent of the 
total produced in the “before" period. The charges during the “after" 
period were 531 less, yet the average production was greater; clearly 
indicating the improvement. 

Installation of the sintering plant at the Thomas Works of the 
Republic Steel Corporation has been one of the most important steps 
taken in the South in offsetting increased labor cost, and undoubtedly is a 
feature that will be followed by other Southern blast furnaces. 

Superock 

Another novel improvement Republic has made that is expected to 
decrease cost is the manufacture of Superock, which is the trade name 
for an inert, light-weight aggregate for concrete, insulation and masonry 
work (Fig. 5). It is made by pouring molten blast-furnace slag into a 
rotating machine, which whips and cools it and breaks up the lumps. 
A small amount of water is used at the entrance spout, wdiich literally 
explodes the hot slag. The concussion, the rotary i)addl(^ force of th(^ 
machine, and the expansion of gases released from the slag while in the 
machine, blows up the cooling, or hardening slag, while still plastic, 
into a mass of tiny cells. Each cell is separated from the others and 
surrounded by a thin wall of very hard and dense material. The cells 
have no passageways joining them nor do they connect. Under th(^ 
microscope Superock is Wnd to be a mass of these tiny air cells of varying 
size that cannot be seen with the eye. 
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While the shell of the aggregate is very hard and dense, so little of the 
total volume is occupied by the shell, or cell wall, that the weight is 
light and the large pieces are readily crushed, or broken, and screened into 
sizes desired. Superock thus has tensile and compressive strength 
approaching dump slag, yet weighs from 32 to 46 lb. per cubic foot, 
depending on the size, which is less than half of ordinary silicious sand 
aggregates. Superock mixed with Portland cement and rodded dry 
averages 46 lb. per cubic foot. 



Fig. 5. — Coahsb Supebock, actual size. 


It is common knowledge that blast-furnace slag is a complex mix- 
ture of well-known rock-forming minerals. Four of the principle ones 
are found in Superock, as follows: 

Per Cent 


Akermanite (2CaO.MgO.2SiO 2 ) 18.45 

Anorthite (CaO.Al 203 . 2 Si 02 ) 11.97 

Calcium bisilicate (Ca0.Si02) 34.28 

Gehlenite ( 2 CaO.Al 2 O 8 .SiO 2 . ) 32.90 


97.60 

Calcium sulphite (1.61 per cent), manganese oxide (0.79 per 
cent) 2.40 


100.00 

The average slag analysis used to make Superock is as follows: Si02, 
38.0 per cent; CaO, 42.3; AI2O3, 15.0; MgO, 3.2; MnO, 0.5; S, 1.0; 
total 100.0. 

Superock^s thermal conductivity is 36 per cent of ordinary concrete 
and thus it is an ideal insulation material. Its sound-absorbing value is 
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15 per cent when ordinary concrete is zero. Nails may be driven into 
pressed blocks or walls of Superock concrete; holes may be drilled in it 
with an ordinary twist drill with practically no damage to the cutting 
edge of the drill. Its modulus of elasticity is practically equal to ordinary 
concrete and follows the usual law of behavior. Its compressive strength 
is as follows: 


Pounds per 
Square Inch 

Ordinary 

Concrete 

Superock 

Pounds per 
Square Inch 

Ordinary 

Concrete 

Superock 

1000 

1,000,000 

1,200,000 

2500 

2,500,000 

2,300,000 

1500 

1,500,000 

1,500,000 

3000 

3,000,000 

2,700,000 

2000 

2,000,000 

1,900,000 

3500 

3,500,000 

3,100,000 


Republic Steel has built a Superock manufacturing plant (Fig. 6) at 
its Thomas Works in Birmingham, adjoining the blast furnaces, with 



Fig. 6. — Superock plant. 


facilities for crushing, screening and loading three sizes simultaneously 
and having a capacity of 1400 tons per day. 

Superock is new and necessarily the market must be built up. Its 
many desirable characteristics of light weight, insulating, acoustic, 
nailable qualities and its imperviousness to moisture make it an ideal 
building material. It can be sold at competitive prices per yard with any 
other aggregates at a neat profit and undoubtedly will help in decreasing 
cost of pig iron. 

Modernized Blast Furnace 

Improvements about the blast-furnace stack have been numerous. 
In the past few years three major operators within the Birmingham dis- 
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trict installed ore-screening equipment and are now charging sized ore. 
Two complete pig-casting machines have been installed and no one is sand- 
casting iron now in the South. 

Furnaces have been enlarged and height increased. There is a trend 
toward larger diameters of stock lines with resultant decrease in loss of 
flue dust. Republic’s No. 2 furnace had a 14-ft. 0-in. stock-line diameter 
in 1933. In 1935 it was rebuilt with a 19-ft. 4-in. stock-line gas-passage 
diameter, having a 17-ft. 0-in. diameter hanging armor. Its volume 
was increased from 16,387 to 22,355 cu. ft., principally by increased 
diameter of the upper inwall section and in height as the hearth diameter 
remained fixed. 

Compared with a sister furnace of its 1933 dimensions, the No. 2 
produced an average during almost a year as follows: 60 tons more iron 
per day, 100 lb. less flue dust per ton of iron, 300 lb. less coke consumed 
per ton, 8 per cent improvement in cost. 

A picture of the remodeled No. 2 furnace, showing its symmetrical 
top loading of the uptakes, downtakes and downcomers, was shown in 
Crockard’s paper (ref. 1). 

An automatic electrical clay gun was installed on this furnace and 
casts are being made under full wind pressure with no slackening what- 
ever. This permits uniform working of the furnace and is of tremendous 
importance because the complete electrical and steam load for furnaces, 
coke ovens and coal mines is carried by boilers fired with blast-furnace gas. 
When the wind is slackened for casting, the gas flow naturally subsides 
and the boilers suffer; steam pressure reduces, sometimes so that it will 
not properly operate the blowing engines, and a cycle of trouble disturbs 
the operation for as much as 2 hr. owing to slackening wind for casting. 
This trouble has been eliminated by the automatic clay gun, which stops 
the hole efl&ciently and quickly under full wind pressure. 

Fig. 4 shows that the pressure is continuous, that the furnace is moving 
itself, and that the wind is not slackened for casting. 

Improvement in Coke 

A marked improvement has been made in coke, primarily by improve- 
ment in the coal-washery practice. A principal and new feature is the 
jig-bed float control, a device of streamline design, fish shape, that floats 
on the separation line between the rock bed and the coal. It works the 
rock-repulsion rotary valve through a series of levers, at a speed com- 
mensurate with the proportion of rock, or impurities in the run of mine, 
or feed, coal. More rock and the bed builds up, raising the float, which 
speeds up the rock repulsion; less rock and the bed lowers, and the repul- 
sion is slowed down or stopped entirely. Thus a uniform bed of rock 
is maintained in the jig screens and effects better washing of the coal, 



66 OFFSETTING INCREASED LABOR COST IN BLAST-FURNACE OPERATION 

During 1934 one mine washed an inherent-ash coal of 7,86 to 10.76 per 
cent ash for the yearly average, and considered it a good 30 b, particularly 
when the run of mine average ash content was 17,43 per cent. By 
installing jig-bed float controls, this same run of mine coal approximating 



Fig. 7 . — Pig-iron fractures taken prior to 1930 . 

Note hard spots and chill or concentrated grain structure at rim of 


17.5 per cent afsh was reduced nearly 1 per cent of the 1934 practice to 
9.83 per cent ash without appreciably increasing the washer loss. The 
control of the jig bed was formerly adjusted by hand. The operator 
felt the bed with a wooden pole, and from experience adjusted the rock- 
repulsion speed and the hutch withdrawals to control the depth and 
porosity of the bed, generally on a “hit or miss'' basis. 
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One per cent less ash in the coal is over one per cent more carbon in 
the coke and obviously a material aid to the blast furnaces — and to 



Fig. 8. — Untouched photograph op typical pig fracture in 1936, after improve- 
ments HAD BEEN PERFECTED. 



Fig. 9. — Several pig fractures showing grain uniformity and cleanliness op 

IRON. 


offsetting increased labor cost. Comparison of test on coke quality shows 
the improvement: 
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PercentaiEes 



Before 

.After 

Cnn.l pnlvftrization (through in.) 

34.69 

76.00 

Shafitfir 

70.50 

82.00 

Porosity 

43.72 

40.86 

Strength 

113.65 

171.66 

Hardness 

70.75 

77.25 

Brittleness 

73.75 

25.50 

Fuel value 

131.07 

194.40 


Improved Quality of Pig Iron 

Figs. 7, 8, 9 and 10 are picture stories of the improvements made in 
the appearance and quality of iron. Fig. 7 is a 1930 machine-cast iron 



Fig. 10.— Typical 1936 pigs showing cleanliness of iron. 
Note absence of surface impurities, and the smooth surfaces. 


fracture and typical of Southern iron of that date. The complete rim 
has a definite grain concentration, or chill approximating in,; also a 
rough surface. Fig. 8 is a fracture of 1936 improved iron, with an 
absence of chill and a uniform grain. This is a truly representative 
fracture — not a hand-picked one for show purposes. Figs. 9 and 10 are 
continuations of this same fact and show the great improvement in the 
appearance of the iron. To the writer’s knowledge, all of the operating 
iron manufacturers of the Birmingham district are making a clean, 
smooth iron approaching that shown in Fig. 10. 

Conclusions 

1. Cost of iron manufacture in the South has increased, owing to: (1) 
increased labor cost, (2) inferior materials, (3) narrowing market, (4) 
shrinkage of the South’s iron business. 

2. Wages of Southern blast-furnace employees now almost equal those 
in other districts. 
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3. The North-South wage differential i& almost a thing of the past at 
blast-furnace operations. 

4. Southern operators have made marked progress in offsetting 
increased labor cost by mechanization, including: (1) sinter; (2) sized 



Fig, 11 . — Skimming trough at pig machine. 

Showing compartments in trough where kish and impurities floating on molten 
iron are skimmed off. Periodically these impurities are raked out of the trough and a 
much cleaner pig iron is produced. 

ore, improved raw materials, ore and coke; (3) better furnace operations; 
(4) Superock — a new by-product; (5) improved quality of iron. 

It is true that there is nothing startlingly new about some of the items 
mentioned, and they might be classed by some people as elementary; 
nevertheless in the South they are new and generally represent surviving 
— holding our own — ^in spite of increased labor cost. 

DISCUSSION 

{William A, Haven presiding) 

W. A. Haven,* Cleveland, Ohio. — I think those charts show conclusively that 
the southern district has been meeting its particular problems well. Mr. Hassler has 
been a little modest in his statement. Several times he said “these things have been 
done generally in the South.^' I believe that is true, but I happen to know that the 
officials and the personnel of the plant that Mr. Hassler represents have been particu- 
larly progressive and a great many of the things described were introduced by them. 

* Vice-president, Arthur G. McKee & Co. 
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J. T. Mackenzie,* Birmingham, Ala, — I think that the introduction of the small 
pig has been a wonderful help, for the foundry using small cupolas especially. That 
was initiated in the South, I think, and the change from tapping into a pig bed to 
tapping into a ladle has been another godsend to the foundry chemist and the metal- 
lurgist. It used to be not uncommon to find a difference of 1 per cent silicon between 
one end of a car and the other end, but now, so long as we are sure that the car came 
out of one ladle, we would just as soon have one pig as a sample as five. In fact, we 
have discontinued the old practice of taking one pig for each 10 tons of iron. 

We do not operate a foundry that is sensitive to grain size. There seems to be a 
pretty well defined opinion among the foundrymen that do have sensitive castings 
that the grain size of the pig iron affects their product, and the step that the southern 
foundrymen have taken, and which has also been taken up in the North to some extent, 
is certainly a good thing for the people who have to watch that point. 

As one of the figures showed, there was probably a ton from a car of 40 tons that 
was broken into pieces as small as one^s fist. I have seen a pig fly into as many as six 
or eight pieces when thrown onto a pile, even a pig of 2 per cent silicon cracked all 
through. We never see a pig iron break in that way now. In fact, the boys taking 
samples would rather take the whole pig to the drill press than to try to break it up. 
The paper has very little from that standpoint, dealing mostly with cost, but as a 
southern foundryman using this pig iron I should like to be on the record as approving 
the work done in quality as well as cost. 

W. A. Haven. — Did you say that you believe one of the big advantages of the 
small pig is to get a more uniform grain structure in the pig? 

J, T. Mackenzie. — Yes. 

F. B. Thacheb,! Chicago, 111. — Well, I recognize that the southern merchant 
furnaces are now doing what some of the northern furnaces have been considering 
nonnal practice for some time. It is the competitive situation that makes it necessary 
to bring about these improvements of product and practice, and the competition is 
getting keener, not only in the South but in the North as well, not only in production 
of pig iron but in substitute materials. There is also the desire of the pig-iron producer 
to cooperate with the foundrymen, who have continually complained about something 
detrimental in pig iron that was not indicated by chemical analysis. 

I think our company can probably take credit for having done the most research 
work in connection with delicate foundry work, such as making piston rings and things 
of that sort, where the grain structure does apparently amount to a great deal, and it 
has resulted in the development of the small pig, in which, we claim, we can control 
grain structure and carbon segregation. One of the reasons for this research work 
was the fact that from time to time foundrymen complained about oxidized iron, 
blowholes and hard spots in castings poured from certain lots of iron, although the 
chemical analysis was apparently all right. Some castings would have hard spots 
and blowholes and possibly the remainder of the castings made from the sanu^ car of 
pig iron would be all right. 

After a long analysis of the problem we found the cause for this trouble in the 
working of the cupolas. This was the fault of the pig-iron producer, hut it was not a 
matter of chemistry; it was a matter of physical condition of the pigs. The pigs that 
formerly we had been making (at least for the past several years) I should say probably 
averaged at a maximum not over 80 lb., but the molds in which these pigs were made 
continued to be of the same old size, which in our case would permit pouring pigs up 

* Metallurgist and Chief Chemist, American Cast Iron Pipe Co. 
t Assistant General Manager, Interlake Iron Corporation. 
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to 125 lb., aud in some of the pig molds of the steel companies and others I have seen 
pigs as large as 160 lb. 

The foundryman would burden his cupola for a pig of the average size of, say, 
around 75 lb., but then an occasional large pig of 125 to 150 lb. would come down 
through the cupola, and instead of melting at the melting zone it would persist clear 
down through the cupola to the zone in front of the tuyeres. There free oxygen 
produced the oxidized or burnt iron that would go out into the pouring ladles and 
into the castings, causing hard spots, blowholes and bad castings. 

Finding that this trouble could be corrected by uniformity of size, our problem 
was clearly one of producing pigs of uniform size. We now make pigs in molds of 
about 40 lb. maximum. With this size of mold it is not possible to have the variation 
in weight formerly experienced, because with the old pigs a variation of from 75 to 
125 lb. was a greater difference in weight than the full size of the present pig. While 
one of the great advantages claimed for the new pig is purely the physical condition 
of the iron, we also found that by control of size we can control grain structure and 
carbon segregation. Of course the appearance of the iron can be improved by skim- 
ming and keeping out all slag and kish. We all know that with high phosphorus in 
the iron a much smoother looking pig iron is made than with other types of high- 
silicon iron. 

I am not at liberty to mention names, but I can tell of an experience in a foundry 
that is making very fine piston rings. The test in that foundry for determining the 
strength of piston rings is to cut a slot in the ring and then measure pound pressure 
to close the gap, and the pound pressure to pull open to breaking. There was a varia- 
tion in strength from 8 to 12 lb. to breaking, using the old type of pig iron. When 
use of the new type of iron began, the strength jumped up to a uniform breaking 
strength of 13 to 14 lb. There was not the wide variation previously experienced. 
This improvement was attributed to iron with more uniform melting characteristics 
and more uniform grain structure. ^ 

My knowledge of metallurgy is rather limited, but I think that the large graphite 
chunks that are permitted to precipitate out in a slowly cooled pig persist right through 
the cupola into the casting, and of course there is no strength in the graphite section, 
which causes the tensile strength in the casting to be materially reduced. 

Another advantage of the small pig is that it presents more surface per unit of 
weight, which facilitates the speed of melting. As a result, there are three advantages; 
namely, possibility of hotter iron or reduced consumption of coke per unit of iron 
melted, which in turn may result in increased cupola capacity. 

J. T. Mackenzie. — I should like to have someone write a history of the small pig 
business. In 1919 the Tennessee Company made for me a carload of pig iron for 
use in an experimental cupola, 18 in. in diameter, the pigs weighing 40 lb., which we 
broke into four pieces, each one of which weighed about 10 lb. If anyone else made 
40-lb. pigs before 1919, 1 never heard of it. 

Member. — Have you made them continuously since then? 

J. T. Mackenzie. — No, not continuously. Soon after Mr. Crockard went with 
Woodward, he called a conference of the pipe foundrymen in the district and asked 
them what size of pigs they wanted and the consensus was one between 40 and 
60 lb. As a result of that, I believe Woodward went to a 50-lb. pig. That must have 
been at least eight or ten years ago. 

F. B. Thacher. — Strange as it may seem, the character of the iron seems to per- 
sist. I suppose if the iron were held long enough and were superheated it vp'ould 
probably all go back into solution, but that does not seem to be the practice. If there 
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is a good grain structure in the pig iron the results of use seem to indicate definitely 
that the character of the pig iron persists straight through into the casting. 

W. H. Spencer,* Muskegon, Mich. — The effect of the size of pig iron on the 
physical properties of the metal coming from the cupola may or may not be ascribed 
to ^‘heredity.” It would seem, however, that there is a much more obvious explana- 
tion of the effect of pig size. One of my own experiences with pig iron of varying 
cross section may serve as an example. The metal was melted in a 42-in. diameter 
cupola with an eight to one iron and coke ratio. The large pig broken in half weighed 
approximately 60 lb. per half pig. The metal melted, using one-fourth of this pig 
in the charge, was unsatisfactory, being sometimes too soft and sometimes too hard. 
By careful investigation of the melting conditions in the cupola, we found that the 
bulky rounded sections of the large pigs were not melting in the melting zone proper, 
but were passing through and even appearing in front of the tuyeres still unmelted. 
Naturally, this gave a highly oxidized metal. Before the unmelted pig worked down 
through the melting zone, the metal was sufficiently soft. In this case, no matter 
how high a quality of pig iron we may have had in the large pigs, we ruined it during 
the melting operation. 

There is no doubt in my mind that we frequently blame on “heredity” conditions 
that are brought about during the melting operation in the cupola. Whether or 
not this condition would exist in cupolas of larger diameter, I am not in a position to 
say definitely, but there does not seem to be any logical reason why the surface-volume 
ratio of the pig should not be as important in a large cupola as it is in a small one. 


Sealed Power Corporation. 



Some Observations Regarding Refractories for Iron 
Blast Fmnaces 

By Boy A. Lindgren* 

(Cleveland Meeting, October, 1936) 

Since the year 1643, when the first blast furnace in America for 
treating iron ore was built at Saugus, Mass., out of mica schist quarried 
in the neighboring district, the procurement of a suitable refractory for 
furnace lining has been a problem of concern to the operators of fur- 
naces. The stacks built of mica schist continued to smelt iron ore 
until about 1836, when, according to F. H. Norton, the first fire- 
brick were produced ^ at Queens Bun, Pa. Other writers speak of 
brick having been molded and burned in Massachusetts about the 
year 1834. 

In 1841, Andrew Russell began to produce medium refractory plastic 
clay brick near East Liverpool, Ohio, that were used for lining blast 
furnaces^. The well-known Kentucky clay-producing district was not 
opened up until the year 1871, but since then it has produced a large 
percentage of the linings for iron blast furnaces. 

While some strides have been made by the refractories industry during 
the 100 years that have passed since the first firebrick were produced, 
it has been only during the last two decades that any real progress has 
been made towards bettering the product, even though the method of 
production had improved. Perhaps the fault lies with the user of the 
brick rather than with the producer, for not sooner demanding a supe- 
rior product. 

During the past 15 years the tonnage produced per lining has increased 
from 600,000 gross tons to 1,000,000 gross tons, and now some furnaces 
are producing 1,600,000 gross tons and better on a single lining. It is 
true that enlarged capacity of furnaces and improved practice have 
accounted for some of this increase in tonnage, nevertheless better quality 
in firebrick must be given credit for its share. However, we are not yet 
ready to say that we have reached a maximum life of furnace lining. 
We believe that a better product can be produced and that the refractories 
industries of America will, through their extensive research depart- 


Manuscript received at the office of the Institute July 20, 1936. 

* Assistant Superintendent, Blast Furnace Department, Wisconsin Steel Works, 
International Harvester Co., South Chicago, 111. 

1 References are at the end of the paper. 
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ments, ultimately develop a material that will far eclipse the record so 
far achieved. 

What physical properties should such a brick possess? How closely 
does the product today meet these specifications? These are some of 
the questions we shall attempt to answer in this paper. 

Functions of Blast-furnace Brick 

It is obvious, even to the layman, that a brick of one set of specifica- 
tions will not suffice for lining the entire blast furnace. The hearth and 
bosh require a brick of a very refractory composition, capable of resisting 
high temperatures and the slagging effects of molten metal and slag. 
We believe that such a brick has now been perfected, so that with the 
present-day method of bosh cooling we seldom hear of a furnace failing 
through the hearth or bosh, assuming, of course, that proper care has 
been taken in laying up and drying out as thoroughly as possible prior 
to blowing in the furnace. 

In the shaft of the furnace lies the real problem. Here is required a 
brick capable of resisting the abrasive action of the stock at temperatures 
as high as 1800° F.^ The brick forming the shaft, or inwall as it is called 
by furnacemen, must also resist disintegration caused by carbon deposi- 
tion. A blast furnace has often been likened to a huge gas producer, being 
constantly filled with a gas containing a high percentage of carbon mon- 
oxide. The bricks composing its lining are therefore permeated with 
this carbon monoxide gas at all times. Nesbitt and BelP have demon- 
strated that carbon monoxide gas in the presence of free iron, or ferric 
oxide, will break down according to the formula 2CO — > CO 2 + C if held 
at a temperature between 788° and 878° F. Therefore, we conclude that 
the ideal firebrick for blast furnaces must be free of all elements that 
possess catalytic properties that lead to deposition of carbon within the 
structure of the brick itself, which create internal strains that ultimately 
cause the brick to shatter. 

Testing of Commercially Produced Brick 

Bricks produced from various kinds of clay and manufactured under 
both the stiff-mud and the power-press methods were obtained for the 
purpose of testing. So that the tests should be representative of actual 
operating conditions, these bricks were the ordinary run of commercial 
brick, and were subjected to gas of analyses and temperatures comparable 
to those encountered in the smelting process. 

Accurate Size and Internal Structure . — A study of their internal struc- 
ture was made by grinding the bricks in cross and longitudinal section. 
Fig. 1 shows these sections. We believe that the ideal brick as outlined 
in the foregoing should be homogeneous in structure. The bricks pro- 
duced by the stiff-mud method (Fig. la) were laminated. These lamina- 
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tions, apparently produced during the extrusion of the clay column 
through the die, caused planes of weakness and gave ready passage to 
the furnace gases. In the power-pressed bricks (Fig. 1&) there was a 
segregation of the finer particles of the mixture in the outer surface, 
causing a dense and hard shell with a soft and porous center. These 
bricks were also subject to the free access of furnace gas. 



b 

Fig. 2. — Sections op brick showing homogeneity attained by de- airing. 
a, brick produced by stiff-mud method; 6, produced by power-press method. 


The refractories manufacturers, in attempting to solve this problem, 
produced the '^de-aired'^ and the ^'vacuum-pressed” brick. In produc- 
ing a brick with all included air removed they have made one of 
homogeneous internal structure (Fig. 2). In the stiff-mud brick the 
de-airing process has done much in the elimination of laminations and 
there is a more homogeneous structure, free from air voids. This is 
of utmost importance where the tendency is toward carbon deposition 
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or metallic inclusions such as zinc and lead. The vacuum pressing of 
brick in the dry-press method has also produced a brick of homogeneous 
internal structure, giving a more uniform hardness throughout. 

The principle of de-airing clay bodies has been known for years but the 
intensive application of the process has but recently attracted wide atten- 
tion among brick manufacturers. In its application to stiff-mud 
machines, the clay body is carried through the evacuation chamber 
with adequate entrance and exit seals. Therein it undergoes a shredding 
process before extrusion through the die. This intermediate shredding 
of the clay column under a 23-in. vacuum is responsible for the results 
obtained. As applied to the power press, a measured quantity of the 
clay mix is placed in the mold box, the clay having approximately 6 to 7 
per cent of moisture. The cap and lower pad are perforated with approxi- 
mately 200 minute suction holes connected to the vacuum chamber, 
which is carried under 23 in. of vacuum. As the cap enters the die, the 
full vacuum is apphed over the entire surface, and as the cap descends 
the entire pressure of the press (3500 to 5000 lb. per sq. in.) is applied 
to the top and bottom, with the vacuum effective during the period 
when the clay mass is in a physical state that most readily permits the 
flow of its entrapped air. 

Because of the importance of bricks being free from laminations and 
porous centers, we are of the opinion that the de-airing of the blast- 
furnace brick is one of the greatest advances made in the refractories 
industry during the past decade. 

Importance of Accurate Size and Shape. — Accuracy to size and shape 
of blast-furnace bricks is also important. It is just as essential to have 
these bricks laid up in the lining free from open joints that give easy 
access to the gas stream as it is to have their internal structure homoge- 
neous. Some designers have considered this sufficiently important to 
warrant building furnaces wherein special shapes are used in order to 
break all joints. 

Bricks of exact size and true to shape are essential if the lining is to 
be laid up gastight. Methods of laying up linings are more or less similar 
in various plants, but no matter what kind of bond is employed, bricks 
of exact size and shape are essential in producing a gastight lining. It is 
generally conceded that the bricks produced today are far superior to 
those made by the old hand method, but we still find that manufacturers, 
in spite of modern equipment, are grinding the finished bricks to size 
in order to hold to the close tolerances now required. It is our opinion 
that the answer to accurate size of bricks will be found not in more accu- 
rate methods of shaping the green” bricks but in the firing of the bricks 
in the kiln. 

Tests to Determine Tendency towards Disintegration. — Considerable 
work on the disintegration of brick by carbon deposition has been done 
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Fig. 4. — ^Temperature op brick during disintegration test. 
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in the laboratories. We endeavored to subject commercial brick to 
conditions as near as possible to those existing under actual operation. 
A small disintegration furnace (Fig. 3) was built near the blast-furnace 
stoves so that fuel in the form of blast-furnace gas was readily available. 
The furnace consists of a combustion chamber in which ordinary blast- 
furnace gas was used as a fuel for heating the testing chamber. This 
testing chamber consisted of a 10-in. diameter pipe inside of a 12dn. 
diameter pipe welded together to form a jacket around the 10-in. pipe. 
Into this annular jacket space was piped steam, which was used as a 
cooling medium in order to swing the temperatures through the critical 
range of 788° to 878° F. Into one end of the test chamber was piped 
blast-furnace gas under pressure, enriched in carbon monoxide by passing 
it through hot charcoal. The analysis of the enriched gas varied as 
follows: CO 2 , 9.6 to 6.0 per cent; CO, 32.0 to 37.6; H 2 , 4.2 to 6.4; 
CH4, 0.4 to 0.2. This approximates the analysis of the gas up through 
the stack of the blast furnace^. 


Table 1. — Representative Tests 


Duration of 
Test, Days 

Designation 
of Sample 

Iron Analysis, 

Per Cent 


Fe as 
Oxide“ 

Total 

Fo 

UoKUlts 

9 

A 

0.50 

1.81 

No sign of disintegration. 

9 

B 

0.80 

2.21 

Disintegrated into rather large pieces. 

9 

C 

0.60 

2.01 

Disintegrated into rather large pieces. 

9 

D 

0.70 

2.01 

No disintegration. 

9 

E 

0.60 

1.81 

Completely shattered; very small pieces. 

9 

A 

0.81 

2.01 

One piece H-in. dia. on surface broken 
off by small piece of carbon deposited 
in. under. 

9 

B 

0.81 

2.21 

Badly cracked; one very large crack, 
which split brick in two. 

9 

C 

0.81 

2.21 

Partly shattered, large pieces of carbon 
to He-in. dia.) deposited and 
expanded. 

9 

D 

0.91 

2.21 

No sign of disintegration. 

9 

E 

0.70 

2.01 

Completely shattered into very small 
pieces. Small carbon deposits through- 
out. 

7 

A 

0.41 

1.53 

Split in two pieces by large carbon 
deposit. 

7 

B 

0.51 

2.22 

No sign of disintegration. 

7 

C 

0.51 

1.92 

Completely broken into large pieces. 

7 

D 

0.61 

2.02 

No sign of disintegration. 

7 

High AbOs 

0.61 

1.62 

No sign of disintegration. 


Iron soluble in hydrochloric acid. 






See Table 1 for descriptive data. 
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Method of Testing for Disintegration. — In each test five samples were 
run simultaneously, (Bricks of certain makes are designated by letters 
in Table 1.) During the test the temperature within the test chamber 
was measured on a recording pyrometer and controlled by the operator. 
Fig. 4 is a reproduction of a portion of that pyrometric record. Tem- 
perature control was effected by the use of steam in the jacket around the 
brick chamber. Thus, when the temperature reached 900° F. the steam 
was turned on and the chamber cooled to 800° F., after which the steam 
was shut off and the temperature again permitted to reach 900° F. This 
cycle required about an hour, so that in the course of a day the bricks 
were passed through the critical range about forty-eight times. Some 
bricks shattered within two days; others required up to seven days. 
Bricks that did not fail within seven days could not be disintegrated, even 
though tested for a period of three to four weeks. 

A great many tests were made over the period of a year but for the 
sake of brevity only a few representative ones are described here. In 
Figs. 5, 6, and 7 are shown the results of a few of the tests. 

Quantity of Iron Does Not Indicate Tendency towards Disintegration . — 
From a study of the foregoing we are led to the conclusion that neither 
the percentage of total iron nor the percentage of iron oxide indicates 
whether or not a brick will disintegrate. In 1923, Nesbitt and Bell 
concluded that the percentage of ferric oxide was a direct indication of 
the rapidity and amount of carbon deposition. In our tests upon com- 
mercially produced brick we were not able to verify this conclusion. We 
failed to find that the percentage of either iron oxide or total iron gave 
any indication as to the susceptibihty of a brick toward carbon deposition 
and subsequent effect of disintegration. Notice in Table 1 that bricks 
marked D did not break down during any test. Comparison of their 
iron analyses with those of the other bricks tested shows them to be 
higher in both iron oxide and total iron than some bricks that completely 
shattered under the same test. Notice also bricks marked E, which 
were completely broken down in each test. Bricks marked D and E 
were produced by the same manufacturer from different clay bodies of 
similar analyses. If the process of manufacture, as regards the drying 
and burning of the brick, was similar in both cases, we believe that some 
inherent quality in the clay has caused one to produce a nondisintegrating 
brick and the other, a brick that is easily disintegrated. 

The recent work of C. C. Furnas^ on the problem of why some bricks 
show a greater tendency towards disintegration than others gives an 
explanation of this. In the published results of his experiments he 
states that a determination of the amount of iron oxide present does not 
indicate a tendency toward disintegration, but that the degree of oxida- 
tion of the iron present does tell definitely whether or not the brick will 
disintegrate. He concludes that if the iron oxide in the brick is in the 
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form of Fe 304 carbon deposition will not occur, whereas if it is present as 
Fe 203 the decomposition of carbon monoxide and deposition of carbon is 
positively catalyzed. If this theory, which is the result of laboratory 
experimentation, can be successfully applied to commercial production 
we may soon obtain bricks impervious to the deposition of carbon, with 
its resultant effect of disintegration. 

Disintegration Does Not Necessarily Mean Lining Failure , — The ideal 
brick for a blast-furnace lining should not disintegrate, and such a brick 
will give a longer service than one that shows tendencies towards dis- 



Fig. 8. — Burned lines and sections through lining, taken on four axes. 


integration; provided, of course, that it combines with this quality the 
other qualifications of a blast-furnace brick as to hardness, density 
and workmanship. 

However, furnaces have produced large tonnages on linings that have 
been badly disintegrated but in such cases the furnace has been able in 
some way to overcome failure due to disintegration. A furnace that 
had produced 1,622,000 gross tons of iron during its campaign was found, 
after blowing out, to be disintegrated throughout the entire lining that 
remained in the furnace. Fig, 8 shows the burned lines and sections 
through the lining taken on four axes. The question arises as to how 
this furnace was able to produce so large a tonnage with the lining badly 
disintegrated. 
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The process of disintegration, we believe, begins with the blowing in 
of a furnace. This has been proved by drill-testing the lining of a furnace 
in blast. The lining of a furnace blown out after one year’s run was 
shown by drill testing to be disintegrated, although the working lines 
of the stack appeared to be in perfect condition. At 10 ft. above the 
mantel, disintegration had started at a distance of 12 to 14 in. from the 



DlSmTe&RAT£D Be\ck 




h 

Fig. 9. — Progress of disintegration: (a) after first year; (6) when blown out. 

face of the lining and continued through the lining for 10 or 12 in., leaving 
16 to 20 in. of good solid brick to the furnace shell. This furnace had 
the same thickness of lining as that shown in Fig. 8, where it is shown 
that, upon blowing out, the total thickness remaining was only about 18 
in. at the same height. Assuming that after a year’s run the same condi- 
tion existed in both furnaces, we find that the disintegrated area has 
moved back toward the shell as the face of the lining wore away, and that 
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a hard wearing surface, monolithic in appearance, has formed on the 
lining face. The lining face, after finishing the campaign, had worn back 
to the point where disintegrated brick had been found at the end of the first 
year's service. This is illustrated by the sketch in Fig. 9. A portion of 
the highly vitrified wearing surface was removed and analyzed, as was 
the shattered brick immediately adjacent to it. These analyses are 
compared to the analysis of the original brick, in Table 2. The analysis 
of the vitrified brick is higher in iron, carbon and alkalis. This change 
in composition probably has altered the physical characteristics of the 
brick to the extent that vitrification takes place at much lower tempera- 
tures than in brick of the original composition. 


Table 2. — Analyses of Brick Taken from Furnace Lining That Has 
Produced 1,622,000 Gross Tons 



Vitrified Face of Lin- 
ing When Blown Out, 
Per Cent 

Disintegrated Brick 
Back of Face, 

Per Cent 

Original Brick, 

Per Cent 


1.71 

1.86 

2.29 

FeO 

1.37 

0.68 

0.26 

Fe (metallic) 

0,17 

0.17 

PaOfi 

0.036 


MnO 

0.11 



Si02 

44.78 

52.74 

54.52 

AI 2 O 8 

31.71 

42.30 

42.56 

OaO 

1.68 

0.49 

0.44 

MgO 

0.68 

0.47 

0.35 

Carbon 

7,21 

1.03 

SOs 

0.057 


K 2 O 

3.56 

0.17 

0.27 

Na20 

5.32 

0.12 

0.10 



It is thought that what takes place is a reburning, or vitrification, of 
the disintegrated brick to form this wearing surface, and that as long as 
proper distribution of stock and wind is maintained it will suflBice to 
enable the furnace to give a normal tonnage on a lining. As a check on 
this theory, a portion of the disintegrated brick was carefully removed 
without crumbling, in order to maintain its semblance to the original 
brick shape, and then placed in a muflBie furnace and reburned under 
reducing atmosphere at a temperature of 3000° F. The disintegrated 
brick was vitrified and in a sense reburned. It greatly resembled the orig- 
inal brick, and, although brittle, had considerable resistance to abrasion. 

We propose this as the answer to the question of furnaces producing 
normal tonnages on badly disintegrated linings and we believe that should 
a furnace lining disintegrate it does not necessarily fail from that cause 
alone. We are convinced that if the stock distribution is closely checked 
along with the maintenance of proper tuyere area and wind velocities 
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the furnace will form the necessary wearing surface as the lining wears 
back, thus enabling the realization of a normal tonnage even though the 
bricks have been disintegrated. 

Checker Brick for Blast-furnace Stoves 

Several failures of checker brick in blast-furnace stoves have occurred 
in the past five years. These failures have been of two types: (1) the 
erosion of the checkers due to a melting down of the outer skin of the 
brick, which on cooling causes a chipping off of the good brick beneath, 
and (2) a large secondary shrinkage, which causes a structural failure of 
the checkerwork. 

High blast temperatures ushered in stoves of large heating surfaces, 
along with the fine cleaning of blast-furnace gas. While not sufficient 
research has been carried out to substantiate any theory, certain brick 
manufacturers lean to the hypothesis that the fine cleaning of gas leaves 
certain elements in the gas, without the neutralizing effect of elements 
now removed, that cause an allo3dng with the material composing the 
brick and thus change its physical characteristics as to softening point, 
shrinkage, etc. Research work is now underway to determine corrective 
measures to be applied in solving this problem. Whether this will result 
in a brick of new composition or a change in gas-cleaning methods remains 
to be seen. 


Conclusion 

We have attempted to outline some of the advances that have been 
made and the problems still to be solved in perfecting a superior refractory 
for the lining of the iron blast furnace. The necessity for accuracy of 
size and shape, the requirement of a homogeneous internal structure, and 
the problem of disintegration of brick in a lining have been discussed. 
We have noted the results already obtained in reference to some of these 
problems, and the need for further work in others. 

The refractories industry has made great strides in an attempt to 
furnish a brick better suited for lining blast furnaces. It has established 
research departments that are working constantly on the problem of 
better brick. However, the surface has been merely scratched to date, 
and we, the consumers, must stand prepared to aid by collecting and 
correlating data that will be beneficial in this research work. 

Such data as a record of the dome temperatures of stoves, periodic 
analyses of the dust content of the furnace gas, analyses of the dust 
deposited on checker brick, analyses of brick from furnace linings, and 
dep^osits of foreign elements in the brick, are all valuable to the research 
engineer. The commercial magnitude of the blast-furnace installation 
forestalls any attempt to reproduce operating conditions in the labora- 
tory, so the research engineer must come to the furnace operator to 



EBFKACTOKIES FOR IRON BLAST FURNACES 


prove or disprove his theories. Only by such cooperation can we hope 
to arrive at a solution of the problem of suitable refractories for the iron 
blast furnace. 


Acknowledgment 

Acknowledgment of assistance is made by the author to Mr. W. E. 
Brewster, Superintendent of Blast Furnaces, Wisconsin Steel Works, 
and Mr. P. R. Nichols, Assistant General Foreman of the Blast Fur- 
nace Department. 

References 

1. F. H. Norton: Refractories. New York, 1931. McGraw-Hill Book Co. 

2. S. P. Kinney: The Blast Furnace Stock Column. U. S. Bur. Mines Tech. Paper 442 

(1929). 

3. C. E. Nesbitt and M. L. Bell: The Disintegration of Fire Brick Linings in Iron 

Blast Furnaces. 1923. 

4. C. C. Furnas: Disintegration of Blast-furnace Linings Due to Carbon Deposition. 

Jnl. Amer. Ceramics Soc. (1936) 19, 177. 

DISCUSSION 

{William A. E avert presiding) 

J. C. Hopkins, Cleveland, Ohio. — Mr. Lindgren, as a blast-furnace operator, was 
rather modest in his remarks as to the minor part the blast-furnace operator and 
engineer have played in the improvement in linings from a half million tons up to one 
and one-half million tons which are common today, because it has been only through 
the cooperation that the brick industry has had from the blast-furnace fraternity that 
those results have been possible. All of us that have large research departments and 
are spending considerable money on research work do want to cooperate with the 
blast-furnace people in an endeavor to improve the tonnages. 

J. S. Ungeb, Pittsburgh, Pa. — For a great many years I have been interested in 
studying refractories, having done a great deal of work along the lino of firebrick, 
magnesite and chrome brick, looking toward the improvement in manufacture. Mr. 
Lindgren’s paper has tried to base the quality of the brick on the tonnages made. This 
is a mistake, gentlemen. It depends upon what you are doing with the blast furnace. 
You may get 1,600,000 tons on a lining of a blast furnace making pig iron, but if you 
are making ferromanganese you had better make up your minds that you are not 
going to get anything like that tonnage. The difference in the making of a ferro- 
manganese and pig iron is in the intensity of the reduction. We know that our tem- 
peratures in a ferro furnace are very much higher than in the pig-iron furnace. We 
know that the gases coming from a pig-iron furnace carry, in round numbers, 24 per 
cent CO 2 and in a ferro furnace about 36 per cent CO 2 . 

A furnace that has been blown out after it has been running on ferro will show a 
very much thicker zone of disintegration of the lining from the top to the bottom. 
The bricks will be disintegrated to a much finer powder, and so much disintegrated 
that about 10 ft. from the top of a ferro furnace the disintegrated brick will show up 
almost at the surface, and instead of extending down to the mantel, which is about 
as far as the average pig-iron furnace disintegrates, I have seen it extend to very close 
above the tuyeres. 
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Disintegration does not necessarily occur from an atmosphere of carbon monoxide. 
In addition there must be a catalyst and the proper temperatures. In only one or 
two cases have I ever seen disintegrated brick in a hot-blast stove. The blast furnace 
seems to be the principal offender. There is some disintegration in the cupola and 
gas producer; not so much as in a blast furnace. 

The brickmaker naturally makes his bricks by the most economical process he 
can use and still preserve the commercial quality. I do not believe the user of the 
brick has given the brickmaker all the information he should have. I do not think 
the brickmaker really knows what happens in the blast furnace. The brickmakers 
make the bricks and send them to the customer and they do not really know what he 
is going to do with the bricks. They do not understand that he may put some of 
them in a blast-furnace. He may specify firebrick, and the manufacturer will send 
him a mill grade of bricks, not knowing that they are going into a blast furnace. If 
he specifies blast-furnace lining he will order so many hearth and bosh bricks, so 
many inwall, and so many top bricks. 

If I do say it myself, thanks to the discussions and conferences I have had for the 
last 15 years with the principal brickmakers, I believe that I was partly responsible 
for forcing some improvement in the making of blast-furnace brick. 

If you are making tests and want to determine whether the brick is fit for the pur- 
pose intended, you must make your tests quickly; therefore, we had to use concen- 
trated carbon monoxide, and in our work we used carbon monoxide that was aver- 
aging 80 to 90 per cent of CO, which is very much higher than you find it even in the 
ferro furnace. That gave us real results quickly. We had to have results quickly. 
We said that a brick that would stand 40 hr. in a disintegration furnace without serious 
disintegration was fit for the purpose intended. 

Going back to the test in which we added very fine powdered iron ore and others 
with coarser lumps, we found that the brick with the very fine particles uniformly 
distributed throughout would show fine cracks. They could be seen with a hand 
glass. They were uniformly distributed through the brick but the brick was not 
disintegrated, but where we had the larger particles like raisins in a cake that gave a 
larger nucleus the carbon was immediately deposited and would break the brick apart. 
The iron in the brick must be in a certain form to cause disintegration. A chrome 
brick, which may carry 20 per cent iron, does not disintegrate. A magnesite brick 
with, say, as much as 8 per cent iron, does not disintegrate. 

In a silica brick we deliberately determined to make a certain quality that would 
disintegrate. We put as much as 3 per cent iron oxide into the brick. You would 
say that ought to disintegrate at once. It does not do it because the iron in the 
burning is combined with the silica, forming ferrous silicate, which is inert. The 
iron to cause disintegration must be in one or two forms, either metallic or as a ferric 
oxide, Fe 203 . The brickmaker has striven to prevent the disintegration of bricks by 
pursuing a practice in which he burns his bricks, up to cone about 8 or 9, and then he 
tries to finish the burn with a reducing atmosphere, giving an atmosphere with carbon 
monoxide, and this atmosphere reduces the ferric oxide that may be there to magnetic 
oxide, which does not disintegrate nearly as rapidly as the ferric oxide. The mag- 
netic oxide alone will not produce disintegration; neither will the ferric oxide produce 
disintegration. It must be accompanied by a small quantity of metallic iron to get 
the proper catalyst. The thing that makes the brick break up or disintegrate is a 
mixture of ferric oxide and metallic iron. 

The brickmaker can improve his bricks a great deal by preparing a clay that is 
absolutely free from iron. The only way that could be produced commercially 
would be to give the clay an acid treatment and dissolve out the iron. Magnetic 
concentration is hopeless. I am speaking now of a brick firm that went so far as to 
concentrate its clay magnetically, hoping to take out the iron to begin with. It 
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discovered it was necessary to heat the clay up to a temperature of about 500® F. to 
convert the iron into the magnetic state. This drove off the combined water and 
destroyed the plasticity of the clay. We had a difficult time making brick out of it 
later. The only thing the brick maker could do was to finish the burn under a reduc- 
ing atmosphere to convert what iron was there into a magnetic state. A few hours 
before he shuts the kiln down, he raises the temperature so as to compel what iron is 
there to combine with the free silica in the brick and form ferrous silicate, as that is 
inert, just as it is inert in a silica brick, a chrome brick or a magnesite brick. 

The author referred to a change in brick composition during use. (Nesbitt and 
Bell’s paper® shows the analysis of a number of bricks. It gives the iron content before 
they were put into a lining, and after approximately a million-ton campaign they were 
again analyzed.) We found the iron, as I remember the figures, had increased to 
about four times the original amount, the alkalies had increased from a few tenths of 
a per cent up to the worst case, 6 per cent, and a new element had entered into the 
brick that was not there originally, and that was carbon. 

If bricks change in composition as much as I have just indicated, it seems that 
even if the manufacturer should begin with very pure material the user would stiU 
have trouble from the absorption of some of these new compounds, alkalies, which 
very materially reduce the refractoriness of materials and also the absorption of iron 
and carbon. I do not think we have given the brickmaker a square deal. We have 
kept on pounding him about the quality of his bricks, and he did not know what was 
the matter or how to correct it. 

I said early in the discussion that the brickmakers did not approve my sugges- 
tions from the very beginning, because anything that I would suggest meant an increase 
in the cost of the bricks. I think they are learning. I am thinking now of one that 
makes all his blast-furnace bricks dry-pressed. They are true and straight. He 
follows every burning in the kilns carefully by making disintegration tests. I talked 
with a young man in this particular brickmaker’s laboratory, who said, We do not 
need to make disintegration tests any more. We can tell whether or not they are 
going to disintegrate quickly by the burn. If they are fairly soft they disintegrate 
quickly because the iron has not been converted to ferrous silicate. If it is a hard 
burn it has been converted and it will not disintegrate quickly.” 

We are getting better brick than we ever got before, but do not expect too much 
from the brick. My own opinion is that 1,600,000 tons means nothing. The average 
blast furnace after it has made about 750,000 tons ought to be blown out and relined 
to provide for the erosion and preserve the original lines. 

0. R. Rice,* Chicago, 111. — My experience with disintegration was obtained at the 
time that I was connected with operation, and I want to point out an interesting 
factor that shows how, in investigating a topic, circumstantial evidence that some- 
times appears very clear and plain may lead one down the wrong track. 

A furnace was relined after the war; the lining was bought during the war at a 
time when things were pretty hurly-burly and perhaps quality was not the first cri- 
terion or the first possibility, and after making approximately 300,000 tons the furnace 
shell developed serious cracks in the horizontal joints. The joints separated and 
continued to separate until an opening of as much as 8 in. occurred, raising the top of 
the furnace, rupturing the connections to the skip incline, and necessitating shutting 
down the furnace. 

We made a very exhaustive investigation of the state of the lining. We had used 
in the burden a zinc residuum from a by-product from the zinc-manufacturing con- 
cern, which also had been used in making spiegel, and we knew that on the spiegel 
operation, lining practice had been short-lived. We used only about 10 per cent of 
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this zinc residuum, but inasmuch as it contained several per cent of zinc we felt that 
circumstances indicated that zinc was at the bottom of the difficulties experienced. 
We early found that the reason the shell had ruptured was that the brick lining had 
expanded vertically. As I say, we made exhaustive investigations of the state of the 
brick lining, taking samples at elevations of every two feet as we tore the lining out and 
at every several inches horizontally across the face of the brick wall. The brick lining 
itself was in place, in the furnace, perfectly sound brick for the first foot or two back 
from the wall face and perfectly sound the last foot or two toward the shell. In the 
center was a zone of complete disintegration, so that the material could be shoveled out 
between the two firm walls. I might say parenthetically that the joints between the 
bricks were there and in place and hard and sound, so that the disintegrated ^'gravel” 
or “ powder could be picked out between the joints as sand out of little boxes. There 
was the zinc. It did not take any chemical analysis to show that there was the zinc. 
It could be picked up with the fingers. There were pounds of it in metallic form. The 
string of c’rcumstances was certainly clear and obvious, and there was only one flaw 
in the circumstances. The pieces of zinc we found there were round, like so much 
shot. It hardly seems likely that the zinc if it had been the cause of disintegration 
and the lifting of the lining would be there in the roimd state as shot. It would be 
there as an infusion. Ultimately we did chase down the real cause of the trouble, 
which was the precipitation of carbon not only in the brick but also against the sur- 
faces of the iron wearing plates in^the top of the furnace. We accounted for 50 per 
cent of the raise of the sheU by layers of carbon deposition between these metallic 
wearing plates, bearing out what Dr. Unger says, that there must be a certain amount 
of metallic iron present to act as a catalyzer, and the wearing plates were beautiful 
providers of that catalyzer. 

A. G. McKee,* Cleveland, Ohio. — Developments have been going along, and I 
think the brickmaker has done a very good job and is in the way of making a still 
better job in developing bricks that are better suited for all the various purposes. I 
can well remember when I remarked to a brick manufacturer that the best paid man 
in the plant should be the fellow who picks out the samples. It was really pertinent. 
That is amusing but not pertinent at the present time. 

I rebuilt a furnace for the New Jersey Zinc Co. a few years ago, and the lining 
swelled up like a poisoned pup. The bricks did not disintegrate appreciably, but 
when the bricks were taken out they ranged from a tinge of purple to purple all the 
way through. I did not analyze them but I was told that it was caused by a very 
large amount of zinc. The lining swelled so that it pushed the shell apart and broke 
the furnace columns. That makes me think that possibly the expansion mentioned 
was in the firm brick, not the disintegrated brick, and that added to the carbon deposi- 
tion on the top plates made up the total of the expansion of the lining. 


* President, Arthur G. McKee & Co. 



Raw Coal in Blast Furnaces 


By W. T. Allan* 

(Birmingham Meeting, April, 1937) 

Raw bituminous coal has been in general use as a blast-furnace fuel in 
Scotland for the last century, and although its use has now been largely 
abandoned and it has been replaced by coke in the majority of the few 
furnaces which are at present in blast in this country, coal-smelted pig 
iron is not yet a thing of the past; it is still being produced and mar- 
keted in competition with the more cheaply smelted product of the coke- 
fired furnace. 

Various factors have influenced this change in practice; the once 
plentiful deposits of coal of a suitable nature for the blast furnace are now 
not so easily obtainable; native blackband and clayband ironstones which 
are easily smelted in the coal-fired blast furnace, although still far from 
being exhausted, are not available except at a cost that is somewhat higher 
than that of imported ores, making them unattractive to the ironmaster 
that is compelled by circumstances to smelt his iron at the lowest possible 
cost. Within the last 15 years overproduction of synthetic nitrogen has 
led to progressive reductions in the price of sulphate of ammonia, the 
recovery of which together with the other by-products before that time 
materially assisted in reducing the working costs of the coal-fired furnace. 
Now the sale of the by-products recovered yields a diminished profit. 

When the cost of the product is the only consideration the small, slow- 
smelting, coal-fired blast furnace cannot compare with its large, modern, 
coke-fired competitor. Other considerations do not by any means all 
support the same side of the argument. In the smelting of pig iron to be 
used in the manufacture of steel where the quality of the final product 
depends so largely upon the control of the conversion process and so much 
less upon the physical quality of the pig iron used, the physical properties 
of the pig iron do not exert any appreciable influence upon the quality 
of the steel produced, therefore the methods employed in the smelting of 
the pig iron matter but little so long as the requisite chemical composi- 
tion is reached. On the other hand, in ironfounding where the simple 
melting of the pig iron, which is the only treatment it receives before being 
cast into its final form, does little or nothing to modify its original charac- 

Manuscript received at the office of the Institute Aug. 12, 1936. 

* Chief Chemist, The Shotts Iron Co., Ltd., Edinburgh, Scotland. 
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teristics, the physical properties of the pig iron are largely retained in the 
casting, and because of this they are of considerable moment to the iron- 
founder. The physical properties referred to are not the figures obtained 
from physical tests made upon the pig iron but are those elusive '^inher- 
ent virtues which are impossible to express quantitatively, are not 
always recognized by orthodox opinion, but whose existence is undoubted 
by the experienced practical foundryman. Those inherent properties 
arise partly from the method employed in the smelting of the pig iron and 
partly from the materials from which the pig iron is smelted and can- 
not be evaluated by any known method of chemical analysis or of phys- 
ical testing. 

In the same manner, if not in the same degree, as cold-blast pig iron 
differs in its inherent properties from hot-blast pig iron so does coal- 
smelted pig iron differ from coke-smelted pig iron. The different condi- 
tions obtaining in the hearth of a cold-blast furnace compared to a 
hot-blast furnace are sufficient to lead one to expect differences in the two 
products; differences between the reduction processes in the coal-fired 
furnace and the coke-fired furnace are not, perhaps, so obvious. 

The principal factor leading to altered conditions is undoubtedly the 
presence in the furnace of tar distilled from the coal. The tarry vapors 
impregnate the ore during its descent of the furnace shaft, condense upon 
the surface and within the pores of the ore and later, as the ore reaches 
hotter regions of the furnace, the deposited tar is subjected to distillation, 
leaving a residue of coke upon and within the ore. The presence of this 
protective coating of tar must have a hampering effect on the first stages 
of the reduction process by carbon monoxide, which occur very early in 
the coke-fired furnace, and may quite conceivably inhibit it until such 
time as the coke which is formed on the distillation of the tar has been 
removed either through solution by the ore or by the CO 2 + C = 2C0 
reaction. These reactions will again be delayed by the absorption from 
the furnace gases of the heat necessary for the coking process, the absorp- 
tion of this heat altering the temperature gradient of the coal-fired furnace 
as compared to the coke-fired furnace. The deposit of tar coke upon the 
ore will also hinder the catalytic 2CO = CO 2 + C reaction. 

The presence of hydrocarbons and a greater proportion of hydrogen 
in the gases of the coal-fired furnace and the consequent reduction of some 
of the iron through their agency, together with the indirect effect of hydro- 
gen on other furnace reactions, may affect the properties of the resultant 
pig iron. Although the coal is coked by the time it reaches the tuyeres 
of the furnace, the coking process takes place while the coal is sustaining 
the weight of the burden above it, with the result that the coke formed 
differs from the coke-oven product and does not lend itself to unduly rapid 
combustion, with its consequent generation of intense heat at the tuyeres . 
In a furnace using part coal and part coke, it is an easy matter to tell 



94 


RAW COAL IN BLAST FURNACES 


from observation at the tuyeres which fuel is being burned at the time of 
observation, the more lively appearance of the latter being most marked. 

It may therefore be conceded that differences enough exist to lead one 
to expect a different product from the coal-fired blast furnace, apart alto- 
gether from the slower rate of driving which, with some reason, is often 
stated to be the principal cause of the superior qualities of coal-smelted 
pig iron. 

The combination of the processes of coking and ore reduction in one 
piece of plant is one great advantage of the coal-fired furnace, saving 
capital costs and, indirectly, working costs. The small furnaces to which 
the coal-fired furnace operators are irrevocably tied, while they prohibit 
large outputs with their accompanying small overhead costs, are an 
advantage in times of dull trade when stocking problems become insur- 
mountable for the furnaces of very large outputs. Another advantage is 
the comparative ease with which they may be switched from one type of 
iron to another; to the ironmaster engaged in smelting steelmaking pig 
irons that is of little or no account, but to the producer of foundry pig 
irons with their numerous and widely varying specifications it is a matter 
of great importance. 

While the future of the coal-fired furnace is obscure and would appear 
to wear a forbidding aspect so far as the smelting of steelmaking pig irons 
is concerned, there is every reason to suggest that its continued operation 
will be justified by the continued demand for the high-grade foundry 
pig iron which in the past has won a world-wide reputation for Scotch 
pig iron. Should it prove otherwise, the stockyard of the foundryman 
who makes engineering castings will be impoverished by the loss of a 
valuable auxiliary to his business and the problem of finding an adequate 
substitute for it will not be an easy one to solve. 

The blast furnace shown in Fig. 1 has a masonry casing and is typical 
of the coal-fired furnaces in this plant, although steel casings have been 
in general use in this country for many years in coal-fired blast-furnace 
practice. The casing blocks, which may be of masonry or firebrick, are 
14 in. thick and are bonded with cement; the structure is strengthened 
with hoops of 4:}i by %-ixi. wrought iron. Wire ropes or chains are 
suspended vertically from top to bottom of the casing to safeguard work- 
men against injury in the event of the rupturing of the wrought-iron 
hoops, which occasionally fail. The lower exposed part of the bosh is 
reinforced similarly with wrought-iron hoops. Commencing above the 
middle of the bosh, a back lining 2 ft. thick is built between the casing 
and the lining proper; 4-in. cavities filled with riddled clinker are left 
between the lining and the back lining and between the back lining and 
the casing. The plates forming the furnace top are set directly upon the 
top of the casing but some 9 in. of mine dust is interposed between the 
plates and the top of the back lining and the lining. The well of the fur- 
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uace is strengthened with 3-in. thick east-iron plates bolted around its 
outer circumference and tied together above the tapping hole with heavy 
mild-steel straps. 

The furnace is 63 ft. 6 in. high, hearth 8 ft. 6 in. dia., bosh 15 ft. 6 in. 
and throat 12 ft. 6 in. A single bell 8 ft. 6 in. in diameter is used. The 
furnace has one gas offtake 4 ft. 6 in. in diameter. There are nine 23^^-in. 
tuyeres blown with a pressure of 5 lb. per square inch with blast at a tem- 
perature of approximately 1250° F. Owing to the position of the massive 
butts supporting the casing in this type of construction, it is impossible to 



obtain a symmetrical arrangement of the tuyeres. Two tuyeres are 
placed in each of four arches in the casing, which form the tuyere rooms, 
two on either side of the furnace. The ninth tuyere is the monkey 
immediately above the tapping hole. The unavoidably narrow wall 
separating each pair of tuyeres is a weak point in this design. A horse- 
shoe hot-blast main is employed, the hot-blast inlet to this main being 
situated at the back of the furnace. The blast for four furnaces is sup- 
plied by a single turboblower with a duplicate in reserve. Six regenera- 
tive stoves are employed to heat the blast for four furnaces. 

Large hand-made blocks have been used for lining the furnace until 
now, when trials are being made with the view to a change over to the 
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smaller machine-pressed bricks. Results are not yet available for the 
latter but a production in the neighborhood of 100,000 tons is looked 
upon as a satisfactory life for the older type of lining. 

In addition to the tuyeres, the only water cooling employed is for 
the slag notch and the cast-iron lintel plate above it. Jumbos and 
tuyeres are of the Scotch^’ pattern — cast iron east around a wrought- 
iron worm tube. The amount of cooling water required is approximately 
100 gal. per minute. 

This design of furnace may be taken as fairly representative of coal- 
fired furnaces in this country, although on other plants practically all 
the details will be more or less modified. Although furnace sizes and 
outputs have remained more or less stationary, while coke-fired furnace 
outputs have soared, this is not owing to apathy on the part of the 
operators of coal-fired furnaces. Efforts to improve the performance of 
the coal-fired furnace and to obtain larger outputs by departing widely 
from the lines just described have been uniformly unsuccessful; the low 
crushing strength of the fuel prevents any furnace of greatly increased 
dimensions from being successfully operated. Furnaces with larger 
hearths work slowly and erratically, frequently hang up and generally 
give a poor performance, accompanied, in our experience, with greatly 
accelerated wear of the lining. A furnace of 2 ft. greater hearth diameter 
working on the same burden and fuel and under the same conditions 
as another of the design described in the foregoing produced 55 lb. of 
iron per square foot of hearth area per hour while the standard furnace 
smelted 80 lb. per square foot of hearth area per hour. The fuel con- 
sumptions were similar but that of the larger furnace was slightly loss 
than that of the smaller furnace. Similar types of iron were produced 
by both. 

Four charging '^doors'' are employed in filling the furnace, and each 
bell carries two barrows of ore dumped at opposite doors and two barrows 
of fuel dumped at the remaining two doors. The dumping points of the 
ore and fuel are changed every time the bell is lowered, so that each door 
receives ore and fuel alternately. The ore is charged by ^'rounds''; four 
barrows of ore constitute one round so that at the end of a round each 
door has received one barrow of fuel and one barrow of ore. This method 
of rotation of the charges prevents segregation in any vertical section of 
the furnace. The weight of ore on the barrow depends upon the class 
of iron being smelted and averages about one ton. The coal barrows 
carry 15 cwt. and the coke barrows 10 cwt. The stock-line level varies 
from 12 to 14 ft. and with normal driving the stock descends at the rate 
of one foot per hour. The furnace is usually cast at 8-hr. intervals and 
the slag flushed three times between casts. 

When splint coals of suitable quality were available the only fuel 
used in the furnace was coal, except when an old and worn lining was in 
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use, which was apt to scaffold, when a small proportion of coke was 
helpful in keeping the stock descending evenly. In recent years, coal 
of this quality has steadily become scarcer. The ideal fuel is a hard, 
strong splint, presenting a dull appearance with a few very thin bands 
of bright coal running through it; No. 1 analysis. Table 1, is of a local 


Table 1. — Furnace Coals 



Composition, Per Cent 

Analysis No. 

1 

2 

3 

Moisture 

10 1 

7.3 

9.7 

Ask 

4.2 

6.2 

8.8 

Carbon 

69.0 

71.9 

67.1 

Hvdroficen 

4.7 

4.5 

4.4 

Nitrogen 

1.3 

1.2 

1.2 

Sulphur 

0.3 

0.6 

0.6 

Oxygen 

10.4 

8.3 

8.2 


Volatile matter, less moisture 

32.8 

31.6 

27.5 

Fixed carbon 

52.9 

54.9 

54.0 


Calorific value, B.t.u 

12,120 

12,560 

11,820 



coal of this description. At this plant two rather dissimilar coals are 
now in use, being charged in roughly equal proportions. The first is a 
mixed coal consisting of some 60 per cent of a relatively soft bright coal 
and 40 per cent of a hard cannel coal; No. 2 analysis. Table 1, is of this 
coal, which when used by itself with a small proportion of coke has given 
a very creditable performance. The other coal, represented by No. 3 
analysis, Table 1, is of a splinty nature, moderately bright in appearance 
and not hard and strong enough to constitute a first class furnace coal. 
Used alone its behavior is unsatisfactory — ^the furnace drives very slowly 
and irregularly — ^but when used in the proportions given with the mixed 
cannel and rough coal plus a small addition of coke, which may be 
between 5 and 10 per cent, the results are good, a furnace of the dimen- 
sions given being then capable of an output of from 320 to 340 tons per 
week under normal working conditions, and occasionally under excep- 
tional conditions reaching an output of 400 tons in one week's working. 
The coal is cleaned by hand-picking at the collieries and screened over 
23^-ia. screens ; the size of the coal as charged to the furnace is therefore 
irregular, containing lumps up to one foot or more in size. The presence 
of a fair proportion of these large lumps does no harm; in fact, their 
presence appears to be rather helpful. Coals containing dross or carrying 
too high a proportion of small coal — say up to 4-in. size — are generally 
found to give less satisfactory results, causing the furnace to drive 
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slowly and leading to conditions favorable to scaffolding and irregu- 
lar working. 

With a small addition of coke, most bituminous coals will give a 
reasonable account of themselves in the furnace unless they are unusually 
weak and friable. The rate of driving does not appear to be appreciably 
influenced by the amount of volatiles in the coal; that is, coals of lower 
volatile content do not allow faster driving, as might be anticipated from 
the lesser amount of tar in the furnace. Experimental work carried out 
here, using a noncoking semianthracite coal containing 16 per cent of 
volatiles as fuel proved entirely unsuccessful; this coal was too soft and 
weak to be really good furnace fuel but its failure was much too complete 
to be explained by this alone; the absence of the normal amount of tar 
from the furnace, coupled with the fact that the physical condition of the 
coal was practically unchanged when it reached the tuyeres, preventing 
the penetration of the blast, were more probable reasons for its failure. 
The cannel coal mentioned above is a very hard, strong coal and from 
this aspect is a most suitable furnace fuel, but while it gives rise to no 
trouble when used in moderate proportions attempts to run a furnace 
on this fuel alone proved unsuccessful, again owing to trouble at the 
tuyeres as the coke yielded by this coal is extremely dense, nonporous and 


Table 2. — Calcined Ironstones 


Composition, Per Cent 


Analysis No. 

I 

1 

2 

3 

4 

6 

6 

Iron 

58.7 

54.4 

48.6 

50.2 

50.6 

51.4 

Silica 

4.3 

3.6 

17.1 

10.9 

14.5 

8.2 

Alumina 

0.4 

1.2 

0.6 

5.1 

8.2 

6.6 

Lime 

3,7 

3.4 

1.1 

4.4 

2.5 

5.5 

Magnesia i 

4.7 

8.3 

1.6 

2.3 

1.1 

3.6 

Phosphorus 

0.64 

0.53 

0.48 

0.57 

0.43 

1.10 

Manganese 

0.95 

0.98 

0.63 

1.13 

0.62 

0,79 

Sulphur 

0.50 

0.41 

0.25 

0.40 

0,23 

0.16 



resistant to blast penetration. Our general experience is that, provided 
the coal is of suitable physical character, its performance in the furnace 
will be fairly closely in line with its calorific value except in the case of a 
coal of high volatile content, when the consumption figure will be high. 

The small proportion of coke charged with the coal does not rob 
the pig iron of any of the desirable qualities always associated with coal- 
smelted iron, presumably because the volume of tar yielded by the large 
proportion of coal still used is quite sufficient to maintain the same 
conditions as prevail in the all-coal-fired furnace, and because the rate 
of meltings is not unduly accelerated, this, under average conditions, 
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being in the neighborhood of 75 lb. of iron per square foot of hearth 
area per hour. 

Up to some 20 years ago, the burden at this plant consisted of 50 to 
75 per cent of locally mined clayband and blackband ironstones, which 
are calcined before being charged into the furnace. The balance of the 
burden was made up of easily smelted Cumberland and Spanish ores of 
low phosphorus and manganese content. Although local ironstones are 
still available, if not so plentiful as they once were, the question of cost, 
coupled with the difi&culties in obtaining supplies, has led to their being 
partly replaced by imported ores. At this plant, with every endeavor 
being constantly made to augment the quantity available, the average 
consumption of ironstones has dropped to 20 per cent of the total 
ores used. 

In Table 2 representative analyses of a few of these ironstones are 
given; the analyses noted do not by any means exhaust the variety of 
these materials available. As a rule, the phosphorus contents are high 
and it is unusual to find an ironstone with less than 0.1 per cent of this 
element; the manganese content may vary between 0.3 and 3 per cent. 
A loss of from 25 to 40 per cent occurs during the process of calcination. 
The amount of sulphur in the raw stone varies from a trace upwards; 
the sulphur content of the calcined stone will depend largely upon the 
method employed in and upon the control of the calcination process. 
Calcination in kilns is more effective in reducing the sulphur content than 
is calcination on hearths. 

The ironstones are very easily smelted and form an ideal burden for 
the coal-fired furnace; when the alumina content is low enough to allow 
a free-running slag to be formed they have the tendency to simplify the 
production of low-silicon, low-carbon pig iron. 

The choice of ores to supplement or replace the local ironstones ii^ 
restricted by the capabilities of the fuel. Dense magnetic ores are 
troublesome and their use leads to high fuel consumption accompanied 
by the appearance of symptoms of indigestion in the furnace. Their 
use is therefore avoided if at all possible. Some of the more refractory 
types of hematite ores have also to be avoided for the same reasons. All 
ores used are almost invariably charged as mined. Magnetites are an 
exception but even when crushed to 4 to 6-in. size they are difl&cult to 
smelt. After calcination the only preparation the ironstones receive is 
that of screening out the dust. 

The problems confronting the furnaceman operating a coal-fired 
furnace are similar in nature to his neighbor's on a coke-fired furnace, 
if we except any worries connected with the operation of charging 
equipment that is unnecessary for the smaller furnace. Owing to the 
slow rate of travel of the stock, scaffolding is probably rather more 
prevalent. Those scaffolds are sometimes overcome after a few hours 
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by the furnace itself, charging in the interval being confined to patching ’’ 
in the deep door or doors. Tuyeres are sometimes adjusted to direct 
the working of the furnace against the obstruction and in obstinate cases 
at this plant the furnace is blown down until the location of the scaffold 
is reached and a fuel blank charged to melt it off; this treatment is 
invariably effective. Towards the end of a long campaign breakouts 
sometimes occur if the well of the furnace has become badly eroded. 
The well plates do not offer the same safeguard against this form of 
trouble as do the strong well jackets of furnaces of modern design. 
Furnaces that have broken out through brickwork and well plates, how- 
ever, have been patched and successfully run for long periods afterwards. 

Six men are required to man each furnace: one bellman, two fillers 
and a weighsman on the furnace bank and a keeper and his assistant on 
the foreside. This crew is augmented when the furnace is being cast 
and in the times of trouble that are inevitable on a blast-furnace plant. 
The pig iron is cast in sand pig beds and loaded by hand; at the stock 
benches it is broken by hand before stacking. 


Table 3. — Analyses of Shotts Pig Iron 



Composition, Per Cent 


3 Soft 

4 Soft 

Cylinder 
(4 Hard) 

Low 

Phosphorus 
(3 Soft) 

Special 
(4 Hard) 

Silicon 

2.8 

1.8 

1.50 

2.5 

1.70 

Sulphur 

0,03 

0.06 

0.09 

0.03 

0.08 

Phosphorus 

0.60 

0.50 

0.35 

0.14 

0.30 

Manganese 

1.2 

1.0 

0.85 

0.85 

1.0 

Graphitic carbon 

3.40 

3.10 

2.65 

3.30 

2.10 

Combined carbon 

0.25 

0.45 

0.67 

0.40 

0.75 


Specimen analyses of some of the pig irons produced are given in 
Table 3. The iron is graded into the following range of fractures: No. 1, 
No. 3 Soft, No. 3 Medium, No. 3 Hard, No. 4 Soft, No. 4 Hard, Mottled 
and White. The first three analyses represent normal coal-smelted pig 
iron smelted from burdens containing a moderate proportion of local 
ironstones. The low-phosphorus pig iron is smelted from a burden 
carrying no local ironstone. Silicon contents of the gray irons may 
range from 0.5 to 6 per cent; sulphur from a trace up to 0.12 per cent 
in the very hard grades and up to 0.3 per cent in white iron; phosphorus 
ranges from 0.15 to 1.5 per cent; manganese from 0.3 to 2,5 per cent; 
the total carbon in soft irons is around 3.5 to 3.75 per cent and in hard 
cylinder qualities from 3.0 to 3.3 per cent. The last analysis given, 
included as a matter of interest, is an unusual one for direct furnace 
metal and is not an iron for which the furnace can be deliberately 
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burdened; it is the product of an irregularly working furnace with one or 
perhaps two doors driving slightly faster than the others. Fuel con- 
sumption is rather high under these conditions and the slag, although 
not the black ferrous silicate slag of a furnace in trouble, carries a higher 
amount of iron than is normal. It would appear to be the outcome of 
incompletely reduced material arriving in the well of the furnace where 
its reduction is completed partly at the expense of some of the carbon 
in the metal in the well. It is an extremely strong and tough metal with 
good casting properties and carries its strength and toughness into the 
castings made from it. 

Slag volumes vary with the type of iron being smelted and with the 
burdens used and range from 8 to 14 cwt. per ton of pig iron. An average 
analysis of the slag will be: Si02, 32.0 per cent; AI2O3, 17.0; FeO, 0.6; 
CaO, 43.5; MgO, 3.5; S, 1.6. The alumina content may rise to 25 
per cent on occasion, but this type of slag is more viscous than is 
desirable and also has the effect of making it difiSicult to produce low- 
silicon irons. 

Over a four months period with two furnaces in blast during three 
months and three furnaces in blast during the last month of the period, 
the output of pig iron was 13,026 tons. The coke used varied from nil 
to 8.5 per cent, the average over the period being 5.3 per cent. The fuel 
consumption in terms of coal — taking two parts of coke as equivalent to 
three parts of coal — averaged 30.1 cwt. per ton of pig iron: the actual 
figures are 1.54 cwt. of coke and 27.74 cwt. of coal. The pig iron smelted 
consisted of almost equal proportions of 3 per cent silicon soft iron and 
2 per cent silicon hard iron. The consumption of limestone — 52 per cent 
total lime, fluxing eflSiciency 50 per cent — averaged 9.3 cwt. per ton of 
pig iron. The amount of gas made — ^metered on leaving the by-product 
plant and therefore exclusive of losses — was 168,000 cu. ft. per ton of pig 
iron. Of this gas, 38 per cent was used in the hot-blast stoves, 45 per cent 
in the furnace boiler plant raising steam for power, 14.5 per cent in the 
by-product boiler plant raising steam for power and process work and 
2.5 per cent at the tar stills. The average gas analysis was: CO2, 7.7 per 
cent; O2, 1.8; CO, 27.0; CH4, 2.1; H2, 5.7; N2, 55.7; calorific value, 
134 b.t.u. per cubic foot. 

The furnace gases pass through condensers, washers and scrubbers, 
where tar and ammonia are extracted. Some 15 lb. of dry, neutral 
sulphate of ammonia is recovered per ton of coal used. The tar on dis- 
tillation in the old type of pot still yields, per ton of coal, about 3K gal. of 
virgin blast-furnace creosote oil containing 35 per cent phenols and about 
120 lb. of medium soft pitch with an ash content of about 8 per cent. 
When rapidly distilled in a modern continuous still in an atmosphere of 
steam, the oil yield is increased to over 8 gal. with 30 per cent phenols and 
the yield of higher ash pitch correspondingly reduced. 
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DISCUSSION 


(R. M, Marshall presiding) 


H. Clabkb,* Springville, Ala. (written discussion). — Much of the ore in the coal- 
burning furnace, according to Mr. Allan, is impregnated with carbon. Of course, we 
would expect the intimate association of the reducing agent with the ore to promote 
reduction. But in the reduction of ores, I do not think much, if any, attention has 
been paid to the important role carbonaceous matter might be made to play, not as a 
reducing agent, but as an agent for virtually raising the melting temperatures of 
some ores. 

But why raise their melting temperatures? Simply because the body of coke in 
a blast furnace will not support a liquid; liquid ore, in its rapid passage through the 
incandescent coke, is denied the time necessary for thorough reduction. 

At its temperature of reduction, iron ore is a solid; at their respective temperatures 
of reduction, both the oxides of manganese and silicon are usually constituents of 
liquid slags. These properties doubtless largely account for the fact that the average 
blast furnace is close to 99 per cent eflSlcient as a producer of iron; as a producer of 
manganese, it is less than 70 per cent efl&cient; as a producer of silicon, it is perhaps the 
industrial world's worst performer. 

So it appears that what is needed in the blast furnace for more complete reduction 
are manganese ore and siliceous materials that will behave like solids at their tempera- 
tures of reduction. Bor filling this need, use of carbon immediately presents itself as 
a possibility because we know that the so-called carbonaceous deposits in blast furnaces 
have extremely high melting temperatures in spite of being composed largely of oxide 
combinations with rather low melting points. 

Some experiments carried out in the Eesearch Department of Crane Enamelware 
Co. throw considerable light on properties of slags mixed with carbonaceous matter. I 
believe these experiments show the way to more complete reduction of manganese 
and silicon in the blast furnace and perhaps the way to better performing pig iron. 

These experiments revealed that the addition of finely pulverized charcoal or coke 
had little effect on the properties of siliceous slags containing no heavy metals. When 
such slags were mixed with these carbonaceous materials and brought to a high tem- 
perature, much of the coke or charcoal was expelled soon after the slags changed to 
the liquid state. Apparently coke and charcoal do not possess the property of wetting 
molten siliceous matter. 

It was found that coking coal will wet molten siliceous matter; apparently for 
that reason, addition of coking coal will greatly modify some of the properties of 
slags. For example, we show two mixtures of pulverized materials with some of 
their properties: 


100 parts 
15 parts 
15 parts 
100 parts 
15 parts 
15 parts 
10 parts 


glass cullet i 
fluorspar 
borax ] 

glass cullet'] 
fluorspar ( 
borax i 

coking coal/ 


All of this mixture was changed to a 
homogeneous liquid with the consist- 
ency of thin sirup at 2445° F. 

Sixty-five per cent of this mixture was 
not melted at 2445° F., 20 per cent 
was apparently solid at 2745°. 


Fig. 2 essentially illustrates the behavior of pulverized manganese ore alone and 
mixed with two forms of carbonaceous matter. This ore showed about 3 per cent 
of iron and 42 per cent of manganese, mostly in the form of Mn02. The behavior 
of this ore was in many respects identical with the behavior of the slag just described. 


Acheson-Clarke Co. 
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Figs. 2a show manganese ore alone. At 2500° F. it changed to a swelling gummy 
mass; from 2600° to 2650° it was a vigorously boiling, viscous liquid. After the 
boiling period, at about 2660°, the liquid had the consistency of fairly thin sirup; its 
viscosity decreased with rising temperature. 

Fig. 2b shows the behavior of an intimate mixture of 70 per cent of the same ore 
and 30 per cent charcoal ground to 200 mesh. When the temperature reached 2600°, 



a b 


Fig. 3. — Behavior of manganese orb in blast furnace. 
a, manganese ore alone. 

bj briquetted mixture of coking coal and manganese ore. 

the charcoal began to separate itself from the ore; at 2665° apparently most of the 
charcoal had escaped. Contents of the crucible yielded a few tiny particles of mag- 
netic metal equal to about 5 per cent of the metallic content of the ore. 

Fig. 2c shows the behavior of a mixture of 70 per cent of the same ore with 30 per 
cent coking coal. This mixture possessed the properties of a solid mass at tempera- 
tures well above the melting point of the ore. The mixture failed entirely to pass 
through the gummy state; it passed directly from a solid to a thin liquid. The sweat- 
ing continued over a period of more than 45 min. At the end of the heat, the crucible 
contained a pellet of ferromanganese with a weight equal to 32 per cent of the weight 
of the metal in the ore. 

The laboratory experiments described enable us to predict the behavior in the 
blast furnace of manganese ore and the same ore mixed with coking coal and made into 
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briquettes. Fig. 3a shows the ore behaving very much as it behaved in the crucibles; 
it first becomes gummy; then it melts; it then yields oxygen, after which it changes 
into a thin liquid, which, of course, trickles rapidly through the incandescent coke. 

Fig. Zh shows a briquetted mixture of manganese ore and coking coal behaving 
as the same mixture behaved in the crucible. The ore doubtless remains in the high- 
temperature zone long enough for quite thorough reduction. 

Reduction of manganese could be further promoted by the presence in the briquette 
itself of strongly basic influences. 

The reduction of silicon could be promoted by an acid condition in the briquette; 
also by immediately available iron from iron ore in the briquetted mixture. 

As the result of smelting briquettes made of pulverized manganese ore and coking 
coal in an ordinary foundry cupola, we have already obtained what we consider to be 
a fairly reliable index of what they would do in a blast furnace. By charging these 
briquettes into the cold blast cupola while melting iron for castings, we have repeatedly 
recovered over 55 per cent of the manganese in the ore. Considering the “drop'^ in 
manganese due to oxidation, we estimate that the actual recovery was over 70 per 
cent. This recovery was obtained in spite of strongly acid slags. 

Cupola charges made up only of briquettes, coke and a little limestone yielded an 
alloy that analyzed 40 per cent manganese and 14.7 per cent silicon. The briquettes 
were made with manganese ore and coal; low manganese yield was most likely due to 
absence of basic slag. The 14.7 per cent silicon, it should be noted, was obtained in 
spite of low temperatures and in spite of the oxidizing atmosphere which doubtless 
existed in the cupola. This alloy was unexpected; we obtained it while attempting to 
make a slag rich in manganese oxide. 

The briquetted mixtures I have described carry their own “reducing atmosphere,” 
the ores have immediately available enough reducing agent for complete reduction. 
Their “own reducing atmosphere” makes possible reduction in the presence of furnace 
gases which are not necessarily reducing; immediate availability of the reducing agent 
makes slow reduction by gases in tall stacks unnecessary. 

It must be admitted that use of the coal-ore briquettes is not yet out of the experi- 
mental stage. Nevertheless, we feel that they have advanced us a few steps, toward 
the new blast furnace that burns its own carbon monoxide and does all its reducing a 
few feet above the tuyeres. Such a furnace would have no stoves ; it would have upper 
tuyeres; its blast pressure would be less than 3 lb., and it would be a little taller than 
the average foundry cupola. 

Now getting to the uses of the briquetted mixtures for silicon and manganese 
reduction in the standard blast furnace, particularly in the Birmingham district where 
large quantities of highly siliceous iron ores are available and where the practice of 
adding manganese ore to the furnace burden is almost general: Production in furnaces 
on foundry iron could be appreciably increased by switching from the present method 
of using additional coke for increasing silicon to a method involving the simple addi- 
tion of briquetted mixtures of coal and siliceous iron ore. Some evidence points to 
incomplete reduction of manganese ore as the cause of poor performance by pig iron. 
If this is true, then briquetted mixtures of coal, manganese ore and lime offer an 
economical way to make iron that should approach, if not excel, the quality of coal- 
smelted pig iron. 



Blast-furnace Practice in France 

By F. Cleef,* Member A.I.M.E. 

(Birmingham Meeting, April, 1937) 

Blast-fxjenace practice in France is determined more or less by the 
character of the ores used. Some French ores are siliceous and others 
are calcareous, therefore by proper burdening a self-fluxing mix can be 
used. This is not always done, as, for instance, at the Caen furnaces 
of the Soci4t6 M^tallurgique de Normandie, where the Soumont ore of 
Normandy is used, which is a carbonate. This ore is crushed and 
calcined at the mines, yielding a product that is porous and well sized for 
blast-furnace consumption. 

The lines of the Caen furnaces are given in Fig. 1. Originally these 
furnaces had 16 tuyeres; six are plucked and these tuyeres are set in the 
lower part of the bosh. Operating data on these furnaces are given in 
Table 1. 


Table 1. — Operating Data, Caen Furnaces 


Blast-furnace burden per ton of iron : 


Kg. 

Lb. 

Soumont ore 


. 2000-2100 

(4400-4650) 

Limestone 


. 900-1000 

(2000-2200) 

Basic Bessemer slag (bearing phosphorus) . 


100 

(220) 

Scale 


35 

(77) 

Manganese ores 




Coke 

Coke analysis: Ash, per cent 

H 2 O, per cent 

9.5 

4.0-10.0 

. 1100-1200 

(2420-2640) 

Flue dust (approx.), kg. per metric ton 

200 

(440 lb.) 


Blast volume, cu. m. per hr 

Pressure, lb 

83,000 

(49,000 cu. ft. 
12 

per min.) 

Blast heat, deg. C 

650 

(1200'* F.) 


Top temperature, deg. C 

250 

(445° F.) 


Top-gas analysis, per cent 

CO 2 9.3 

CO 30.3 



O2 0.3 Ha 3.0 
Production per 24 hr. about 510 tons. 


Minettb Ores 

The most important ore deposits in France are in the west of Lorraine. 
They are called the ‘‘minette^^ ores and are of two classes — siliceous and 

Manuscript received at the office of the Institute July 29, 1936. 

* General Manager, Soci4t6 Anonyme des Hauts-Foumeaux Forges et Aci4ries de 
Denain et d^Anzin k Denain (Nord), France. 
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calcareous. The behavior of these ores in the furnace may be different, 
and from this point of view, classed as follows: (1) those exploding when 
heated rapidly, (2) those behaving without explosion on the same test. 
In the first ores the moisture in the interior of the pieces cannot escape 
and causes the pieces to break up, giving off a great amount of dust. 
It has been demonstrated, in small-scale and large-scale experiments, 
that the blast-furnace smelting is favorably 
influenced when the lumps are broken to 
approximately 3 in. The iron is better both 
physically and chemically. Gas analyses reveal 
a slightly increased indirect reduction and a 
decrease in coke consumption. However, a 
greater amount of flue dust is produced, which 
builds up in the bosh, and after a few weeks 
difficulties arise in operation. 

One method of overcoming these difficulties 
is to put in a second row of tuyeres, called 
emergency or auxiliary tuyeres, to smelt away 
the scaffolds, thereby keeping the bosh clean 
and permitting the furnace to move. One very 
modern plant has installed three rows of tuyeres, 
two in the bosh. This practice was considered 
absolutely necessary to keep the furnace in 
operation, but it necessitates a higher coke 
consumption and the quality of the iron is apt 
to be affected. 

In the early days of hand-charging furnaces, 

it was common practice to break the large 

lumps into pieces with a hammer. With the _ ^ _ 

. . . n 1 -1 1 • • Fig. 1. — Lines of blast 

mtroduction of mechamcal charging, this furnaces at Caen. 

practice was abandoned, and no ore prepara- 
tion was done for a number of years. But, following a general 
trend in the steel industry not only to solve engineering problems but also 
metallurgical questions, blast-furnace men after the war again investi- 
gated the advantages to be derived from a uniform burden, both chemi- 
cally and physically. The problem has not found a definite solution in 
the eastern French blast furnaces and the question is still open even today 
as to whether or not it is advantageous to prepare the blast-furnace 



burden when using minette ores. 

The iron works of Volklingen (Sarre), owned by Mr. Rochling, have 
pioneered work in the field of preparation of the burden. Since the war, 
the Sarre works have been compelled to buy aU their ores in Lorraine. 
The works of VoMingen have bought most of the dust accumulated 
before and since the war in the neighborhood of the blast furnaces- The 
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Table 2. — Results of Operation at Sarre Works^ 



Analysis, 
Per Cent 

Coke 

Consumed, Kg. 

Yield, 

Per 

Cent 

Materials Smelted, 

Per Cent 

Flue Dust, 
Kg. per 
Ton of Iron 

Basic Thomas pig iron 

0.3 Si 
1.0 Mn 
1.9 P 
0.07 S 

898 

38.3 

59 sinter 

34 minette ore crushed and 
screened 

2.9 manganese ores, not pre- 
pared 

1 . 3 scrap 

1 . 3 scale 

1 . 5 miscellaneous 

25 

Basic Thomas pig iron 

1 

0.25 Si 
0.9 Mn 
1.8 P 
0,08 S 

1 

875 

38.2 

53 . 5 sinter 

37.0 minette ore (not pre- 
pared) 

2.9 manganese ores 

1 . 6 scrap 

3 . 2 scale 

1 . 8 miscellaneous 

35 

Basic Thomas pig iron 

0.3 Si 
1.05 Mn 
1.9 P 
0.07 S 

863 

39.8 

57 sinter 

30 . 8 minette ore 

2 . 4 manganese ore 

3 . 6 scrap 

2.6 scale 

3 . 6 miscellaneous 

32 

Hematite pig iron 
(Stahleisen) 

0.8 Si 
4.8 Mn 
0.11 P 
0,026 S 

8126 

51.4 

39 sinter 

18 foreign ore (crushed, not 
screened) 

11 scale 

8 manganese ore (not pre- 
pared) 

4 cinder from Fe-Mn blast 
furnace 

6 scrap 

14 limestone (crushed and 
screened) 


Foundry iron 

2.5 Si 
1.0 Mn 
0.09 P 
0.032 S 

1 

1018 

46.2 

35 Spanish carbonate, 

crushed, not screened 

15 Spanish carbonate, raw 

5 sinter 

6 red hematite (crushed, 

not screened) 

8 scale 

10 scrap iron 

1 21 limestone 


Foundry iron with 
phosphorus from 
minettes 

2.8 Si 
10.8 Mn 
1.6 P 

1 0.019 S 

1 

1036 

38.6 

20 sinter 

75 minette ore (crushed and 
screened) 

1 scale 

4 scrap iron 



« A. Wagner: StaU und Eisen (Feb., 1931) No. 8. 
Coke 10 per cent asb and 8 per cent moisture. 


dust was considered of no value, except for the price of loading into 
railway oars. Thus these furnaces use a burden with about 30 to 50 
per cent flue dust, containing 40 per cent Fe, and the remainder minette 
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ores. The ores are crushed, screened, and the fines sintered with the 
flue dust in a large Dwight-Lloyd plant; making a uniform burden 
available for the blast furnaces. A description of the plant, equipment 
and ores used has been given in Stahl und Eisen (Feb., 1931, No. 8) by A. 
Wagner, blast-furnace superintendent. He does not mention the dura- 
tion of time over which the results were obtained. The results as given 
in that description are shown in Table 2. 

From the first tests of crushing in 1925 to when the large Dwight- 
Lloyd plant was completed and put in operation in 1930, the coke 
consumption per ton of iron has decreased from 1350 to 900 kg. and the 
output of iron has increased from 170 tons to 270 tons in the same stack, 
of 500 cu. m. volume and 13-ft. 6-in. hearth diameter. 

Crushing, screening and ore preparation in general have not found 
favor in other plants in spite of the remarkable figures and results obtained 
at Volklingen and Neunkirchen. This may be explained by the fact 
that the years following 1931 have been years of deep depression in 
the French steel industry. The price of coke decreased from 120 francs 
a ton in 1931 to 75 francs in 1936 before June, or $8 in 1931 and S5 in 

8 5 

the early months of 1936. The ratio of decrease is thus — g — == 37 

per cent. All the works are quite careful of their blast-furnace gas 
as a metallurgical fuel, and the production of pig iron being only 50 to 
60 per cent of the production in 1931, there was scarcely enough for 
heating and generating electricity. Therefore, any decrease in the 
consumption of fuel would have led to difldculties in the thermal balance 
of the plant. It seems that under present conditions the benefit of crush- 
ing and screening ores and sintering fines would be very small, if any. 

It must be said that all attempts to drive hard furnaces with minette 
ores have always failed because of the excessive amount of flue dust 
produced. Until 10 or 12 years ago, standard practice was to produce 
from 150 to 200 tons per day in furnaces of about 500 to 600 cu. m. 
capacity. Attempts to blow more blast have always led to 250 or 300 kg. 
of flue dust per ton of pig iron; and in some instances 450 kg. of flue dust 
per ton of iron was experienced when production of iron went from 350 
to 400 tons per day. 

Except for slow blowing, as it has been practiced everywhere during 
the depression period, there has been nothing done of much interest. 
One characteristic of the steel plants of Lorraine and Luxemburg was to 
have relatively small daily outputs per furnace, but a great many stacks 
in operation. Therefore, to adjust the pig-iron production to the need 
of the plant was more a question of blowing a small or large number of 
units than of modifying the practice in any of them. 

As far as I know, no general information on French blast-furnace 
practice has been published in nine years. Unfortunately, we do 
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not have committees in France as they exist in Germany, England or 
the United States. There is little intercourse between the different 
plants or exchange of ideas and results obtained. A good paper on the 
subject was read in Luxemburg in 1927 and is still of interest because 
most of the French plants have made very few alterations on their 
blast furnaces; and a summary is given below. 

Furnace Lines and Operation 

Figs. 2 to 13 show the lines of several furnaces from different plants, 
and Table 3 gives a good average of Luxemburg and Lorraine blast- 

P 1 01 n t A 



Fig. 2. Fig. 3. Fig. 4. 


Figs. 2-4. — ^Linbs of Loreainb-Ltjxemburg blast furnaces. 

furnace results. The coke consumption also is given in the table. It 
lies around 1000 to 1025 kg. of coke for one ton of pig iron with a yield 
of 31 to 32 per cent in average good practice and with 25 to 30 kg. of coke 
more or less for one point of yield less or more. 

Blast-furnace lines have been altered slowly and changes made 
in the same direction as in American furnaces. In one plant the hearth 
has been enlarged 4 ft. and the bosh lowered 3 ft. in 27 years. It must be 
said that furnace campaigns lasted from 15 to 20 years, owing to slow 
driving, and few opportunities were offered for rebuilding. 

Generally there are eight tuyeres, 7 to 9 in. in diameter. Bosh tuyeres 
are 5 to 6 ft. above the row of main tuyeres. 

The stacks are banded like the bosh in American furnaces and the top 
and charging apparatus rest on heavy columns, giving blast-furnace 
plants a pecuKar appearance. I know of only two companies that have 
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had their furnaces built by American engineers; the first in 1910 and the 
other in 1929 and 1930. These furnaces are skip-filled while the others 
are bucket-filled. 



Figs. 5 and 6. — ^Lines of Lobeaine-Luxbmburg blast furnaces. 



Figs. 7 and 8. — ^Lines op Lorbaine-Luxemburg blast furnaces. 

The furnaces are generally blown by pressure and all blowing engines 
blow in the same main. Blast heats are high, from 750® to 800® C., 
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except on a few large furnaces, where better results are obtained with 
lower heats, from 600^ to 650® C. 

Gas cleaning has always been an important feature in European 
blast-furnace plants. Both dry and wet cleaners are used. The best 
known dry cleaners are the Halberg-Beth and recently the electric cleaner. 

Halberg-Beth plants consist essentially of rectangular chambers 
in which cotton bags are stretched on frames and form a complete filter 
for the gas. Each chamber cleans about 33,000 cu. m. per hr. (20,000 
cu. ft. per min.). At Neunkirchen, in the Sarre district, there were 
10 units of the Halberg-Beth system and the gas was cleaned to between 
0.005 and 0.01 grains per cu. m. (0.0022 to 0.0040 grains per cu. ft.). 


P \ a n f E 



Figs. 9 and 10. — Lines of Lorrainb-Luxbimdbueg blast furnaces. 

The supervision is more delicate than for wet cleaners. The power 
required is only one-fourth that of wet cleaners and it requires no water 
for minette furnaces, where the top temperature varies from 90® to 150®. 
If higher temperatures are to be dealt with, cooling may be necessary 
and in winter reheating may be necessary too. The filter bags cannot 
withstand a temperature above 120®. 

Some years ago the fineness of cleaning with electric cleaning plants 
was not as good as with Halberg-Beth plants, but probably some improve- 
ments have been made. 

At our plant there are 10 Theisen disintegrators, each one capable of 
cleaning 40,000 cu. m. per hr. (24,000 cu. ft. per min.), the power required 
being 300 hp. for each unit. At present four or five are running and our 
gas is cleaned to 0.020 grains per cu. m.; that is 0.0080 grains per cu. ft. 
Units as large as 60,000 cu. ft. per min. have been built in recent years 
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and it is claimed that the power consumption has been reduced by 25 to 
30 per cent in comparison with the older types of disintegrators. 

The wet cleaning systems all depend on intimate mixing of gas and 
water, first in a static scrubber and then in fan disintegrators. The 
cleaned gas obtained is thus perfectly cool and contains a minimum of 



moisture. The disintegrator requires a large amount of power, three or 
four times as much as in the Halberg-Beth system. 

Clean blast-furnace gas is a vital requirement in the use of gas- 
driven blowing engines, gas-driven power engines and modern stove 
practice. A cleanliness of 0.02 grains per cu. m. is necessary for gas 
engines and 0.02 to 0.06 for stoves with small checkers. Gas-driven 
blowing engines have proved to be very well adapted for blast-furnace 
plants and their reliability and great economy as obtained in installations 



Table 3 . — Operating Data, Lorraine-Luxemburg Furnaces 
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pR 

13 

1.37 

1.07 

<N 

1.80 

1.40 

5.2 

223 

27.09 

83 

720 

740 

18.03 

25.20 

- 

1.85 

1.48 

4.2 

157 

27.09 

77 

698 

815 

22.43 

19.20 


O 

1925 

1.53 

1.07 

5 . 4 - 6.37 

220 

26.05 

315 

703 

765 

17.44 

18.50 

OJ 

1.82 

1.31 

6 . 16 - 6.57 

135 

26-32 

368 

852 

710 

19.29 

20.70 

Q 

00 

1926 

1.55 

0.98 

11.6 

304 

28.0 

890 

696 

650 

13.54 

22.03 


1920 - 

23 

1.55 

0.98 

10.8 

300 

28.3 

641 

718 

680 

13.49 

21.7 

O 

CO 

1920 

1.56 

1.13 

7 - 8.7 

300 

27 

300 

701 

650 

17.36 

18.60 

»o 

S 

1910 

2.0 

1.53 

4 . 4 r - 5.4 

150 

27 

352 

774 

700 

16.23 

23.20 


tH 

1912 

1.75 

1.18 

6.57 

281 

26.81 

242 

725 

814 

14.29 

27.50 

rH 

1912 

1.75 

1.18 

5.6 

241 

27.85 

121 

811 

868 

16.34 

25.40 


1912 

1.75 

1.18 

6 - 6.16 

229 

27.16 

287 

714 

830 

18.09 

21.70 

<1 

CO 

1927 

1.36 

0.96 

10.8 

342 

25.7 

516 

657 

780 

12.30 

20.70 

<N 

1.75 

1.20 

9.65 

306 

26.6 

458 

683 

771 

14.21 

28.60 


1911 

1.75 

1.20 

8 

246 

29.4 

289 

685 

817 

19.30 

20.70 
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This production is not a monthly average, but an average of the days when there is no hanging. 
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built in the light of the latest experience is now a well established fact. 
Units as large as 4000 to 5000 hp. have been built with two gas cylinders 
and one air cylinder, and are sufficient to blow furnaces to 500 to 600 
tons output a day, with a gas consumption of less than 2.5 cu. m. gas 
per horsepower. 


The Denain Plant 

The steel industry in northern France dates back to the beginning 
of the last century and has been established in the vicinity of the northern 
coal fields. The reasons for this are obvious, as cheap coal was the 
principal requirement of any industry, and in fact most of the French 
factories were located in the north of France. Glass factories, steel and 
iron foundries, locomotive and rail-material factories, spring, bolt and 
nut factories, heavy forging, etc., all are concentrated in the vicinity 
of cheap coal, with best conditions for good labor. 

The first blast furnaces depended on foreign ores, but at the end of the 
last century, the Thomas basic Bessemer process was introduced for all 
common steels. The ores are shipped from Lorraine over a distance of 
about 150 miles, and although pig iron is cheaper to produce in Lorraine, 
there remains an advantage for the northern steel mills through the fact 
that most of the large consumers are near the mills and consumption is 
superior to the production of northern steelworks. 

Our company has always specialized in the manufacture of heavy 
and medium plates, and also of all qualities of steel for forging, pressing, 
tubes, etc. All of these qualities, naturally, depend on the basic open- 
hearth furnace or the electric furnace, but we also maniifacture Thomas 
basic steels in sheet bars, merchant bars, etc. We have four blast 
furnaces, two on basic Bessemer iron, one on special grades, foundry, 
stahleisen, etc. 

Until the year 1931, the relative quantities of Thomas steel and open- 
hearth steel was as 60 to 40, but open-hearth steel has prevailed since 
that time. The necessary basic Bessemer pig iron has always been 
produced in two furnaces, and the output, which was 27,000 or 28,000 tons 
per month in 1930, has dropped to 12,000 tons in some months of excep- 
tional depression. The operating conditions of these extremes are given 
in Tables 4 to 7. 

Our company owns ore mines in the west of France, south of Caen, 
and in eastern France, both siliceous and calcareous ores. We also 
have a Greenawalt sintering plant with three pans of standard dimensions, 
and operate two of them, so that a relatively large part of the burden is 
composed of sintered material. 

Our furnaces (Fig. 14) were rebuilt in the years 1928 and 1931, having 
the lines represented on Figs. 16 to 18. I have incorporated American 
design in every possible detail and am indebted to American blast- 
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furnace men, from whom I have always received the greatest courtesy 
and help. Besides, modern European practice has developed by following 
American pioneering footsteps. 


Table 4. — Typical Blast-furnace Burden for Basic Thomas Pig Iron 



Rapid Driving, 
1930 

Slow Driving, 
April, 1934 

At Present 
(Jan., 1936) 

Kg. 

Kg. 

Kg. 

Normandy siliceous ore 

394.8 

303.4 

336.1 

Siliceous minette 

817.4 

137.7 


Calcareous minette (from 30 to 31 




per cent Fe) 

1715.2 



A 


837.4 

922.8 

B 


713 

590.0 

Manganese ores 

41.4 

10.2 

22.4 

Open-hearth slag 

175.1 

242.3 

146.6 

Cinder: from reheating furnaces. . . 

3.7 

3.3 

5 

From rolling mill 


59.2 

20.9 

Sinter (pyrites, cinder and flue dust) 

300.7 

426.9 

472.3 

Miscellaneous scraps 

52.3 

35.2 

145.2 

Fine iron separated by magnet from 




converter spittings 

38.5 

18.2 

14.2 

Lime phosphate 


20 

31 

Limestone 



5.5 

Total burden per ton iron 

3539.1 

2806.8 

2712 

Production in 24 hr. (several 




months average), tons** 

464.8 

263.4 

352.8 

Flue dust per ton of iron, kg 

290 

100.1 

175.6 

Coke consumption per ton of iron, 




kg 

1135.7 

966.6 

861.9 

Burden yield, per cent 

28.3 

35.6 

36.9 

Volume of blast as given by daily 




reports: 




Per metric ton of iron, cu. m. . 

3609 

3045 

2715 


(127,400 cu. ft.) 

(107,500 cu. ft.) 

(95,800 cu. ft.) 

Per hour, cu. m 

69,000 

33,400 

39,900 

Per minute, cu. ft 

42,000 

20,000 

23,760 

Heat of blast, deg. C 

630 

644 

649 

Temperature at top, deg. C 

162 

175 

193 


“ The highest monthly output has been 16,000 tons of basic pig iron. 


Since the use of more sintered material with pyrite cinder, and 
especially since the time of slow blowing with periods of fanning, we 
have experienced some trouble due to the growing of the stack. Accord- 
ing to European continental construction, our stacks are not enclosed 
by a heavy shell, but with heavy bands. The top of the furnace is 
supported by heavy columns, also according to Continental practice. A 




Table 5. — Ancdyses of Burden 
Analyses, Febeuabt, 1930, Peb Cent 
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Mois- 

ture 

CO CO 

1-H 05 00 l> »0 


Wet 

0.785 

0.652 

0.640 

0.180 

0.600 

0.035 

0.510 

3.84 

1 

0.800 

0.720 

0.700 

0.195 

0.600 

0.035 

0.540 

3.84 

0.35 

CQ 

Wet 

rH !>• !>• ■rtl r-l 

IC o O O O 

d o d d d 


0.52 

0.08 

0.08 

0.04 

0.01 

0.14 

Mn 

Wet 

0.4 

0.2 

0.2 

48.5 

8.1 

0.5 

0.4 

3.9 

Dry 

0.4 

0.2 

0.2 

52.6 

8.2 

0.5 

0.4 

3.9 

0.2 

r® 

Wet 

Cd CO rij 

tHi-HOOi-HCO lOOO 00 

>!tH CO CQ tH xo oq 

Dry 

44.6 
33 

30.6 
1.3 

13.2 

55.1 

51.25 

78 

28.42 

7 

MgO 

Wet 

C000O5COC<l COOO CO 

THodor^ oo th 

Dry 

1.3 

0.9 

1 

0.3 

7.2 

0.3 

0.9 

1.3 
1.15 

CaO 

Wet 

CO lo cq cq cq oo 

cqdiodco ocD i-i 

T-i CO CO 

Dry 

coxococot-i cqio QO-^ 

d d CD d d d d c<i 

tH tH CO CO 

M 

<5 

5 

Wet 

00 l> 00 

oicodoqrH coi> d 

Dry 

cD'^cocqr^ ^ ooco 

dddcq^H cod dcq 

CO 


Wet 

^ oq 00 05 ID CO 

d d d d i-i CO o 00 

1 — ( th cq <?q tph 

Dry 

12.9 

13.5 

7.4 

7.5 
21.7 

23.1 

10.5 

8.3 

47.6 


Normandy siliceous ore 

Siliceous minette 

Calcareous minette 

Manganese ore 

Open-hearth slag 

Cinder (from reheating fur- 
naces) 

Sinter 

Miscellaneous scraps 

Fine iron from converter 

spittings 

Coke ash 


CQ CO CSi 40 lO 


o 1>- o *-• t-H 
<M CO 


o o w iH !z; 

O O O 


d 

o 

'"S 

o 

a 

5 


o 

a 

<N 

CO 

CO 


I 

o 

Ph 


.s 

o 

a 

cu 

§ 


00*001 



Table 6. — {Continued) 
Analyses, Apbjl, 1934, Pee Cent 
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Mois- 

ture 

1.22 

9.26 

9.34 

9.51 

2.8 

3 

0.5 

6.8 

Ph 

Wet 

0.915 

0.680 

0.610 

0.610 

0.320 

0.485 

1.4 

0.185 

0.070 

3 

13 

Dry 

0.925 

0.750 

0.675 

0.675 

0.330 

0.500 

1.4 

0.185 

0.075 

3 

13 

0.380 


Wet 

0.24 

0.05 

0.05 

0.11 

0.17 

0.02 

Dry 

0.24 

0.06 

0.06 

0.12 

0.18 

0.02 

0.16 

Mn 

Wet 

CO lo 

CO<MC<l(N ^03-^10 

OOOOCO C)1>00 

00 

Dry 

0.34 

0.22 

0.24 

0.28 

34.05 

0.4 

7.95 

0.43 

0.55 

0.10 

r® 

Wet 

47.4 
31.6 

30.2 
32.1 

16.3 

54.5 
11 

52.5 

64.4 
78 

80 

0.7 

Dry 

48 

34.9 

33.3 

35.5 
16.74 

56.5 
11.13 
52.52 

69.6 
78 

80 

0.7 

6,5 

MgO 

Wet 

2.1 

1.3 

1.3 

1.4 
0.2 

1.2 

7.2 

0.7 

0.38 

0.4 

Dry 

2.16 

1.4 

1.4 

1.6 

0.2 

1.22 

7.23 

0.7 

0.36 

0.4 

0.8 

CaO 

Wet 

3.8 

9.9 

15.4 

13.4 

1 

7.3 

40.5 
2.1 

1.4 

43 

Dry 

COIV-r— 1»0 00 

t^QCsit— 1 COt-4 

^ ^ 

0 

Wet 

7.8 

5 

4.2 

5.2 

7.4 

5.1 

4.2 

3 

1.8 

7.5 

Dry 

tH y-i CD r-i 

COC^IOOi ursco 

iQr^icOrH 

CO 

0 

Wet 

14 

12.1 

5.6 
5.5 

10.6 

7.7 
19.5 
24.9 

1.1 

11 

Dry 

14.2 

13.4 

6.2 

6.05 

10.9 

8 

19.6 

24.9 
1.2 

11 

48.7 


Normandy siliceous ore 

Siliceous minette 

Calcareous minette A 

Calcareous minette B 

Manganese ore 

Sinter (pyrites cinder and 

flue dust) 

Open-hearth slag 

Reheating-fumace cinder. , . . 

Rolling-mill cinder 

Miscellaneous scraps 

Iron extracted from conver- 
ter spittings 

Lime phosphate 

Coke ash 


Per Cent 

Coke: moisture, 2 per cent; ash, 11.35 per cent. Composition of gas: CO 2 13.25 

O 2 0.31 



Table 5. — {Continued) 
Analyses, Januaky, 1936, Per Cent 
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Table 6. — Average Burden Hematite Pig Iron, April, 1936, No, 4 Furnace*^ 
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gaslight seal is on the junction of these two parts. The stacks of our 
furnaces have grown vertically and our No. 3, having made about 
700,000 tons of pig iron, has grown between 5 and 6 ft. vertically. From 


Table 7. — Analysis and Sieve Tests of Flue Dust 


Analysis, Per Cent 



Thomas Pig Iron 

Hematite 


Rapid Driving 

Slow Driving 

Pig Iron 

Ignition loss 

vl4.88 

16.75 

21.7 

Si02 

9.70 

9.80 

7.2 

AI2O8 

6.47 

7.13 

2.8 

CaO' 

10.40 

12.60 

3.45 

1.71 

MgO 

1.69 

2.23 

Feb 

16.00 

20.18 

'29.4 

FfijOj - 

37.11 

28.60 

25.5 

MnO 

0.73 

0.58 

1.2 

PjOs 

1.694 

1.54 

0.12 


Total 

98.674 

99.41 

93.08 

Insoluble 

11.50 

11.10 

9.81 

Fe 

38.43 

35.72 

40.74 

Mn 

0.53 

0.42 

0.87 

s 

0.09 

0.18 

0.38 

P 

0.74 

0.675 

0.053 


Sieve Tests, Per Cent 



Thomas Pig Iron 

Hematite 
Pig Iron 


460 Tons 
per 24 Hr. 

250 Tons 
per 24 Hr. 

200 Tons 
per 24 Hr. 

Mesh per sq. cm. 

On 324 

9.2 

0.8 

4.6 

On 900 

44.5 

10.6 

12.1 

On 4900 

39.7 

81 • 

1 AM • A 

76 

Through 4900 

6.6 

7.6 

7.3 


Total 

100.0 

100.0 

100.0 

OftTifiity 

1.295 

1.275 

1.131 



time to time we take ofE a few rows of bricks to bring point B in Fig. 19 
to the place of point A, We believe that these difficulties are due to 
zinc fumes, which cause the joints and bricks to swell. We did not have 
this trouble when smelting iron ores without pyrite cinder. 
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We have never made use of auxiliary tuyeres and have none in 
two furnaces. 

No. 1 furnace is being rebuilt at the present time (Fig. 15), after 
a campaign of over one million tons of pig iron on a yield of about 30 
per cent as an average, and a consumption of over 4,500,000 tons of 
raw materials. 

We have also contemplated the preparation of the ore burden — ^that 
is, crushing and screening and sintering of the fines — ^but the benefit 
expected from that improvement in 1931 is of course much less now with 
lower figures of coke consumption and lower coke prices. With the 



Fig. 14. — Blast furnaces at Dbnain. 


present experiments of our government, things may change greatly 
and other conclusions may have to be derived. 

The raw material varies considerably, from what may be termed fine 
ore (sinter, largely of Spanish and Algerian ores) to large lumps, the 
average size of which may be estimated at 15 or 20 inches. 

Coke is of average quality, ash ranging from 11 to 11.5 per cent, 
moisture from 2 to 3 per cent and size from 6 to 7 inches. 

The average Thomas iron analysis is as follows: Si, 0.35 per cent; 
Mn, 1.10; P, 1.80; S, 0.04. 

The iron goes into a mixer of 650 tons capacity, miles from the 
furnaces. Much of the sulphur leaves the iron and forms a slag crust on 
top of the ladle. The average sulphur content of the iron leaving the 
mixer is 0.025 per cent. The temperature of the iron should be 1225® 
to 1230® C. when blown in the converter; 1190® is the lower limit for good 
blowing and any temperature below that leads to heavy losses through 
spittings. This mixer, containing 660 tons of iron, was not emptied 
during the last strike, because the plant was in the hands of the workmen 
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and hundreds of them prevented us from tilting the mixer. The heating 
is done ordinarily with blast-furnace gas by two regenerators for heating 
the air combustion. We resumed work after 15 days and 
heated the mixer with blast-furnace and coke-oven gas, 
having installed a fan to give the necessary air, and were 
able to remelt the iron in a rather short time. 

Flue Dust 

Returning to burdening the furnaces, I should like to call 
attention to the great difference in physical properties of the 
flue dust produced by slow and rapid blowing (Table 7) . The 
former leads to much difficulty in the sintering plant and 
great care must be taken to have an adequate bedding 
material and adjust the right moisture for best results. 

Table 8 shows the distribution of the iron losses in slow 
and rapid driving. In both, the dust escaping the scrubber 
towers is very lean and leaves the disintegrators with the 



Fig. 19.*— 
Vertical 

GROWTH OF 
STACKS RE- 
DUCED BY 
REMOVING 
BRICKS BE- 
TWBEN A 
AND B. 


washing water, where there are no reclaiming basins. Thus from 3.3 to 
3.5 per cent of the iron charged is lost. 


Table 8. — Iron Loss in Flue Dust, in Relation to Total Iron Charged 



Rapid 

Driving, 

February, 

1930 

Slow 

Driving, 

April, 

1934 

Present 

Operation, 

January, 

1936 

Iron charged per ton pig iron, kg 

1,111.1 

3 

1,025.7 

0.3 

1,044.9 

0.2 

Iron in ladle scraps and other scraps, kg 



Remainder 

1,108.1 

950 

1,025.4 

950 

1,044.7 

950 

Iron in pig, kg 

Iron in collected heavy dust, kg 

111 

35.7 

69 

Iron in slag, kg 

8 

8 

8 


Total 

1,069 

39.1 

933.7 

1,027 

17.7 

Iron loss (difference) weight, kg 

31.7 

Iron loss (difference) weight, per cent 

3.5 

3.3 

1.7 



These results show the vast difference between the minette ores, with 
their tendency to explode in the furnace, and other ores as used in our 
No. 4 furnace for varying pig-iron grades. With a raw material that may 
be called fines (Spanish roasted carbonates and Algerian ores, amounting 
to 485 kg. in the burden) the amount of flue dust produced is 20 kg. per 
ton of pig iron, with rather slow blowing. But, with a production of 
450 to 500 tons in 24 hr., the amount would not exceed 80 kg. per ton 
of iron. 




F. OLBBF 


126 


CONCLTTSION 

Thus we may couclude that the minette ores are quite suitable to 
produce basic pig iron, with low silicon for the conversion into steel by 
the basic Bessemer process. Practice should be improved with a more 



Fig. 20. — Relation between production op flue dust and daily tonnage at 

Denain. 

physically regular burden, especially when faster driving has to be applied. 
At our plants, this would be much easier, because we charge less than 
two tons of minette ore per ton of iron. The way has been shown 
by the Larre Works and we are awaiting the right time to go ahead on 
this improvement. 



Recovery of Blast-furnace Flue Dust from Scrubber Water 

By T. B. CoiTNSELMAN-,* Member A.I.M.E. 

(Cleveland Meeting, October, 1936) 

An iron blast furnace of 1000 tons daily capacity will produce about 
100,000 cu. ft. per minute of blast-furnace gas. This contains about 
25 per cent of carbon monoxide, and has a B.t.u. value of about 95. This 
gas is used primarily for heating the stoves of the blast furnace, and 
secondarily, under boilers, for steam production. Occasionally it is also 
used in gas engines. 

The raw gas coming out of the furnace carries about 10 grains of flue 
dust per cubic foot of gas, under best operating conditions. With the 
furnace rolling’^ or slipping, this quantity may temporarily be greatly 
increased. This dust would, of course, deposit on the checkers of the 
stoves, or plug the burners under the boilers; therefore the gas must 
be cleaned. 


Flow Sheet 

The first step in the cleaning operation, as shown by the flow sheet, 
Fig. 1, is a dry dust catcher, of which there are several forms. The 
partially cleaned gas next goes to a primary wet washer, where water 
sprays knock down most of the solid particles. If further cleaning is 
desired, the gas may then go to electrical precipitation. Again, the dust 
removed is collected in water. Dry dust catchers reduce the dust content 
from 10 grains to between 4 and 6 grains per cubic foot, and recover 
roughly half of the total flue dust in the gas. The wet washers recover 
most of the remaining dust, reducing the dust content to about grain 
per cubic foot. Electrical precipitators, if used, further reduce the dust 
content to about 0.01 grain per cubic foot of gas. The flow sheet shows 
the dust content of the gas at various steps in the treatment and also the 
content of solids in the water. It should be noted that some plants use 
less water on the primary wet washer than indicated, and that often the 
solids content of the scrubber water will be 300 grains per gallon, or even 
much higher. 

Reasons for Recovering Flue Dust — ^There are two main incentives for 
recovering flue dust from the scrubber water: (1) the value of the dust; 
(2) stream or lake pollution, where such a reason applies. 


Manuscript received at the oflSlce of the Institute July 2, 1936. 

* Manager, Industrial Division, The Dorr Company, Inc., Chicago, Illinois. 
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Essentially this dust is iron ore, worth $4.50 per ton base price at 
lower lake ports. The recovered wet dust from a 1000-ton furnace 
would amount to about 40 tons a day. Assigning a nominal value of only 
two dollars per ton would mean a saving of nearly thirty thousand dollars 
a year and would give the furnace fourteen thousand tons of very 
cheap ore. 

Federal and state authorities are becoming more and more insistent 
on plants keeping this flue dust out of the navigable rivers and harbors, 
so as to avoid periodic dredging. In fact, contamination of all streams 
and lakes is being prohibited more and more universally. Even small 
blast-furnace plants, which make only a small amount of wet dust. 



Fig. 1. — ^Flow sheet op cleaning blast-pubnacb gas and recovering flub dust. 

insufficient to justify recovery economically, are taking steps to avoid 
further pollution and future trouble with the authorities. 

Clarity Desired . — ^Looked at from the economic viewpoint, most plants 
aim at a recovery of 90 per cent of the suspended solids in the scrubber 
water. Neglecting consideration of electrical precipitation for the 
moment, with scrubber water containing 150 grains per gallon, this means 
a clarified effluent to the stream carr 3 dng 15 grains per gallon. Naturahy, 
with scrubber water originally containing, say, 300 grains, a 90 per cent 
recovery is not sufficient, and the plant will still want a 15-grain overflow, 
or about 95 per cent recovery. 

From the standpoint of stream pollution, still better clarities are 
desirable. Even rather dirty lake or river water will have a turbidity 
of say 200 p.p.m., or 12 grains per gallon. It has become customary 
practice, therefore, where no electrical precipitators are used, to require 
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an effluent carrying 10 to 12 grains. Incidentally, some operators ask 
for overflows of 5 grains. This is not economically feasible. The curve 
of area requirements flattens off very rapidly below about 8 grains, and 
a 6-grain overflow would require about three times as much thickener 
capacity as a 10-grain overflow. 

The use of electrical precipitators changes the picture considerably. 
The solid particles recovered in these precipitators consist practically of a 
fume. The particles are so finely divided that it would be an opti- 
mistic guess to assume that 50 per cent of the weight would settle and 
be recovered. 

Taking as typical the figures given on Fig. 1, in 100,000 cu. ft. per 
min. of gas, reducing the dust content of this gas from 0.25 to 0.01 grains 
per cubic foot would mean knocking down 5000 lb. of solids per day. 
Assuming that 50 per cent of this, or 2500 lb., would report in the overflow 
anyway, and taking the total volume of water at 2400 gal. per min. as 
shown on the flow sheet (20 gal. per 1000 cu. ft. per min. for wet scrubbers, 
and 4 gal. per 1000 cu. ft. per min. for electrical precipitators) the quantity 
of suspended solids in the clarified overflow will be increased by 5 grains 
from this source alone. Therefore, clarification equipment that would 
give a 10-grain overflow on wet washer dust will automatically give a 
15-grain overflow if electrical precipitators are used (for all of the gas). 
This gets back to a 90 per cent recovery on a 150-grain scrubber water, 
and seems to be the optimum clarity to consider. 

Thickening , — In clarifying the overflow, the solids are naturally 
consolidated to a thickened sludge. This may be thickened easily to 
60 or 63 per cent solids, and still be pumpable. The degree to which this 
sludge should be thickened is determined entirely by the next step in the 
treatment, and by local conditions. The most usual treatment of this 
sludge is filtration, to prepare it for sintering. In that case, it should be 
thickened only to about 40 per cent solids. This gives the most uniform 
cake thickness on the filter, and, consequently, the dryest cake. 

Methods of Clarifying 

Probably the oldest method of clarifying scrubber water was simply 
to impound it in some sort of a basin. When the basin had become 
pretty well filled with solids, the flow was switched to another basin, and 
the drained but very soupy solids in the first basin were excavated, 
possibly with a clam shell. It was probably a somewhat messy job. 
This is discussed in the past tense because, so far as known, with one 
interesting exception, plain settling basins are no longer used. 

At the Gary plant of the Carnegie-Illinois Steel Co., long rectangular 
concrete basins already built are used for clarifying scrubber water. 
Settled sludge is removed continuously from these, however, by means of 
suction pumps, which travel at a uniform rate, back and forth across, 
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and from end to end of the basins. The recovered sludge is not thick 
enough to filter, and therefore is pumped to a traction type of thickener 
for resettling, the very dirty thickener overflow being returned to the 
larger settling basins. This ingenious installation, which was practicable 
only because of existing local conditions, is really a cross between the 
old plain settling basins and the continuously, mechanically cleaned 
thickeners of today. 

The most widely used clarification device for the recovery of flue dust 
from scrubber water is the round thickener, with slowly revolving plow 
arms, which continuously rake the settled solids to a central discharge 
point. There are now some 55 installations of this type of thickener in 
this country and abroad, serving 120 blast furnaces. The first installation 
was made in 1916 and the type of unit has undergone a gradual evolution. 



Fig. 2. — Early type op thickener. 


The earliest was the center-shaft center-drive thickener, adopted 
from the metallurgical industry (Fig. 2). These units were of relatively 
small capacity, serving one or two furnaces. A steel truss bridge carried 
the weight of the vertical center shaft and raking mechanism, and the 
drive unit. This type of thickener is now obsolete, although many 
are still in service. 

As larger capacity was required for larger blast-furnace plants, the 
traction thickener (Fig. 3) was developed (again adopted from the 
metallurgical industry). In this unit, the raking blades are carried on 
a more or less submerged truss, one end of which is supported on a central 
concrete or steel pier, the other end on the peripheral ring wall. Some- 
times this outer support is on a curved railroad rail, with a steel driving 
wheel, sometimes on the concrete wall itself with a rubber-tired driving 
wheel. This last modification has not been overly successful, the rubber 
tire being too difficult to hold on the cast-iron heart or core. A number 
of these traction thickeners have been installed, the largest installation 
consisting of two units, each 160 ft. in diameter, at the South Works of 
the Carnegie-Illinois Steel Co. at South Chicago. These two units serve 
eleven large blast furnaces, and are rated to handle 35 million gallons of 
scrubber water a day. The traction thickener shown in Fig. 3, at the 
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plant of the Inland Steel Co., Indiana Harbor, Ind., is 140 ft. in diameter, 
serves four large blast furnaces and is rated to handle 14 millirn gallons 
a day, or 10,000 gal. per minute. 

The next condition to be met was lack of space at existing older plants 
for thickeners requiring such large areas. Tray thickeners had been 
used at metallurgical plants, and a few installations were made of the 
early so-called open type of tray thickener. A good example is the 
installation of a 60-ft. two-compartment machine at the Mark plant of 
the Youngstown Sheet and Tube Co., Indiana Harbor. In this type of 
tray thickener, all of the feed entered the top compartment at the center, 
all of the sludge was withdrawn from the lower compartment, but 



Fig. 3. — Traction type op thickener, Inland Steel Company. 


clarified overflows were taken from each compartment. The mechanism 
was still carried from a bridge truss, the raking arms being driven from 
a vertical center shaft. 

This arrangement, though an improvement, still was not entirely 
satisfactory, the total area being somewhat inefficiently used and too 
much area being required. The filter-thickener, adopted from the sugar- 
beet industry, was tried out for flue dust. In this machine, so-called 
socks'’ are suspended in a rather deep single-compartment tank. 
Vacuum is applied to the inside of the socks for a definite time cycle, the 
clarified effluent being drawn through the socks, and of course, a filter 
cake building up on the outside. At definite intervals, the vacuum is 
cut off, a back-pressure created, and the socks shaken mechanically to 
dislodge the cake, which settles to the bottom of the tank. Revolving 
plow arms rake the solids to the center, as in the earliest type of thickener. 
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This machine showed some promise, but it was very complicated 
mechanically and did not stand up under the grueling, continuous service 
of a blast-furnace plant. The socks became blinded by lime in the 
scrubber water; holes developed frequently, ruining the clarity of the 
effluent; maintenance of socks alone proved excessive; the timing and 
shaking mechanism was too intricate and delicate for ordinary plant 
labor to handle. Therefore after two or three installations of commercial 
size had been thoroughly tried out, this thickener was abandoned. 



Fig. 4. — Balanced tray thickener, Ford Motor Company. 

Meanwhile, an improved tray thickener, called the balanced type, had 
been developed. In this machine, the original feed was divided mechani- 
cally and entered each tray or compartment individually. A clarified 
effluent was obtained from each compartment. The sludge settled out 
was raked to the center of each compartment and discharged into a boot, 
which delivered it below the sludge level in the next lower compartment. 
In this way the sludge was prevented from dispersing and having to be 
re-settled, as had been necessary in the earlier open tray thickeners. The 
mechanical features were improved in many respects, one of the most 
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important being the hanging of the entire mechanism from a worm gear 
carried on a continuous ring of IJ'^-in. balls forming a ball bearing 6 ft. 
in diameter. This reduced the power, eliminated the necessity for a 
bridge superstructure, and because of the diameter of the large ball 
bearing carrying the weight, eliminated any side sway of the mechanism. 
This permitted the use of a larger number of compartments, which, 
coupled with the increase in capacity per compartment, made it possible 
to handle the scrubber water from a single blast furnace in a space 
approximately the diameter of a stove. Such space is ordinarily avail- 
able, even in a cramped plant. The latest installation of this type is 



Fia. 5 . — ^Torq thickenee, Grand Coulee dam. 


illustrated in Fig. 4. This shows one of the two thickeners installed 
nearly a year ago in the Rouge plant of the Ford Motor Co. at Dearborn. 
Each of these six-compartment balanced tray thickeners, 22 ft. 6 in. dia. by 
26 ft. 0 in. deep, serves a TSO-ton blast furnace; it is designed to handle 
1800 gal. per min. of scrubber water, but has handled over 2000 gal. per 
min. Performance data are given in Table 2. 

Meanwhile, a still greater improvement has been made in the mecha- 
nism for large-diameter single-compartment flue-dust thickeners. This 
is the Torq thickener, originally developed for service in desilting Colorado 
River water for irrigation purposes. This mechanism is carried on a 
central pier, the weight being carried on a large-diameter ball bearing, as 
in the balanced tray thickener. The Torq thickener is driven from the 
center, by means of an internal ring gear, and practically all of the 
mechanism is submerged. The Torq feature consists of hinging the arms 
in such a way that in case of an overload, or starting up a machine when 
the raking blades are partly buried in sludge, the arms swing backward 
and upward, riding over the settled solids but still carrying a full raking 
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load. All this takes place without increasing the torque on the motor, 
and without any attention on the part of the operator. In fact, the arms 
being entirely submerged, the operator ordinarily would not be aware 
of what was happening. 

Two machines of this type, 70 ft. in diameter, have recently been 
installed by the Republic Steel Corporation at the Corrigan-McKinney 
plant in Cleveland, and should be in operation by the time this paper is 
presented. Operating data, of course, are not yet available. This type 
of thickener is illustrated in Fig. 5, which shows machines installed at 
Grand Coulee dam, where they are used for clarifying water for re-use 
in the sand-grading plant. Also, two machines are shown installed in a 
single basin. This is feasible, with this type of thickener. 

Table 1 shows operating data on a traction thickener; Table 2, data 
on a balanced tray thickener. 

Table 1. — Data on Traction Thickener 

Size 140 ft. dia. by 17 ft. center depth 

Number of blast furnaces served 4 

Rated capacity 10,000 gal. per min. 

Corresponding overflow clarity, grains per gal.**. . . 10 
Performance data, 24-hr. sampling for 7-day period: 

Number of blast furnaces operating 3 

Furnace capacity, pig iron, tons 2150 

Gas production, cu. ft. per min 200,000 

Total scrubber water to thickener, gal. per 

min 5880 

Dust content of feed to thickener, gr. per gal. 108.7 
Dust content of thickener overflow (ranged 

from 6.2 to 10.2 gr. per gal.), gr. per gal 8.3 

Recovery of dust in thickener, per cent 92.5 


Mesh Peb Cent 

Dry-basis screen analysis of wet dust: +40 0.33 

+60 1.28 

+80 3.15 

+ 100 4.04 

+200 15.68 

-200 84.32 


® No electrical precipitators used. 

Withdrawing and Drying Sludge 

Customarily the sludge is withdrawn from the thickener by means of 
diaphragm pumps. These are provided with an adjustable length of 
stroke, and are really metering devices for withdrawing a definite volume 
of sludge. In this way, a thick sludge can be obtained, because, the rate 
of withdrawal being under close control, the possibility of the sludge 
coning and the pump sucking through too much water is avoided. Piping 
usually is arranged so that the sludge withdrawn from the thickener can 
be returned to the feed, if desired. There are several reasons for this 
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arrangement. Frequently the filter and sintering plant operate only one 
or two turns, while scrubber water must be clarified 24 hr. a day. By 
recirculating the underflow, the thickener can be made to provide the 
necessary storage for this condition. Also, if for any reason the sludge 
is too thin to be filtered advantageously, the sludge can be recirculated 
until its consistency has been built up to the proper point. 

Table 2 . — Data on Balanced Tray Thickener^ 

Size 22 ft. 6 in. dia. by 26 ft. 0 in. deep 

Number of compartments 6 

Number of blast furnaces served 1 

Rated capacity of thickener, gal. per min 1800 

Corresponding overflow clarity, gr. per gal.^ 15 

Performance data, thickener serving furnace making basic iron : 

Furnace capacity, pig iron, tons 750 

Gas production, cu. ft. per min 50,000 

Total flue-dust production per ton of pig iron, 

lb 120 

Dust content of gas from dry catcher, gr. per 

cu. ft 5 

Dust content of gas from primary wet 

washer, gr. per cu. ft 0.4 

Dust content of gas from electrical precipi- 
tators, gr. per cu. ft 0.04 

Water used on wet washers, gal. per min .... 1250 
Water used on electrical precipitators, gal. 

per min 400 

Total water to thickener, gal. per min.'* 1650 

Temperature of water to thickener, deg. F. . 130 
Temperature of thickener overflow, deg. F. . 110 
Dust content of feed to thickener (5 months 

average), gr. per gal 78 

Dust content of thickener overflow (5 months 

average) gr. per gal.'^ 7.4 

Recovery of dust in thickener, per cent 90.5 

Mesh Per Cent 

Dry-basis screen analysis of wet flue dust: +100 13.6 

+200 34.1 

+240 43.5 

-240 56.5 

« A5TB. 

^ Electrical precipitators used. 

Duplicate thickener handling 2050 gal. per minute. 

^ Electrical precipitators not operating. When these were operating overflow 
clarity averaged about 14 gr. per gallon. 

There are several ways of handling the thickened flue-dust sludge. 
If the quantity is not large, it may be run to a pit, allowed to drain and 
later loaded out by a locomotive crane and sent to the ore yard. A some- 
what better way, sometimes practiced, is to pump the thickened sludge 
directly into a dry-dust car, letting the water filter out through the dry 
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dust. In either case, the sludge eventually reaches the ore yard in a 
rather sloppy condition, where it may be mixed with ore by turning it 
over with the bridge crane. Another method of handling is to pump the 
thick sludge to shallow impounding areas, filling one, draining, and letting 
the flue dust dry by solar evaporation. This method requires rather large 
areas for any quantity of dust, and a rehandling that is not particu- 
larly cheap. 

The best practice is to filter the thickener sludge by continuous 
vacuum filtration. Either a drum or disk filter is generally used. Some 
other kinds have been tried, but have not found wide application. Each 
type of filter has certain advantages. For example, flue-dust filter cake 
cracks badly, and for very fine flue dust, in order to get a cake moisture 
that is sinterable, flappers or vibrating pressure rolls have to be used. 
These compress the cake and close the cracks, resulting in 2 or 3 per cent 
lower cake moisture. Flappers or rolls can be used only on drum filters. 
On the other hand, with disk filters greater filter area can be obtained in 
limited floor space, and no time need be lost in changing filter cloths. 
The capacity of each type is the same, per square foot of filter surface. 
This will vary with the screen analysis and physical characteristics of the 
flue dust, but a fair range is 800 to 1200 lb. dry basis per square foot per 
day. Cake moisture will also vary widely with the physical character- 
istics of the flue dust, and will range from 16 to 26 per cent. These 
moistures are in general too high for sintering direct, therefore the filter 
cake usually is mixed with dry flue dust in a pug mill, to give a resultant 
moisture of about 10 to 11 per cent. This is not always done; in certain 
instances coating the outside of the lumps of filter cake with dry dust, 
so as to preserve the porosity of the bed, makes it possible to sinter cake 
with surprisingly high moisture, A notable example is the Gary plant 
of Camegie-Illinois Steel Company. 

Handling Filter Cake 

The fiUiter cake is handled in various ways. Sometimes the cake, 
together with dry flue dust, is charged back into the blast furnace without 
agglomeration of any kind. Generally, however, the mixture of wet and 
dry dust is agglomerated. Nodulizing, similar to that in cement-mill 
practice, has been tried. The Youngstown Sheet and Tube Co. had two 
nodulizing kilns at Mayville, Wis., but this plant has been closed. The 
objection to noduli 2 dng was the glazing of the surface, which made 
penetration of the gases in the blast furnace too slow. If glazing were 
avoided by temperature control, the interior of the nodule was not 
agglomerated, and the production of flue dust was increased. 

One of the most attractive methods of agglomerating, from a theoreti- 
cal standpoint, is briquetting. The use of a brick press alone is not 
suitable, since the particles are not really agglomerated, even with a 
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binder, except by heat. The Grondal system of briquetting was thor- 
oughly tried out at Moose Mountain, Canada, and while it produced a 
very desirable furnace product, was never mechanically successful. 

The usual method of agglomeration is sintering. Two systems are 
in use : (1) the Dwight-Lloyd machine, consisting of a continuous strand 
of pallets sliding over a wind box; (2) the Greenawalt system, consisting 
of a single large pan operated in batch fashion. In both processes the 
coke breeze in the dry dust furnishes short-flame fuel, scattered uniformly 
through the bed. Air is drawn down through the bed by an exhaust fan 
creating a vacuum of about 18 in. of water. The top surface is ignited 
by a very intense flame, oil or gas, under a reverberatory hood, the tem- 
perature reaching 2500° F. The carbon in the bed is ignited, and because 
the air is drawn down through the bed successive carbon particles are 
ignited, the heat traveling gradually downward to the grates. This 
raises the flue-dust particles to a temperature of incipient fusion, so that 
when discharged and cooled the sinter looks somewhat like coke. When 
this sinter is charged back into the blast furnace, it no longer has a chance 
to escape as flue dust. Because of the porosity of the sinter, the surface 
exposed is large, offering ready access to the reducing gases. Sinter, in 
general, speeds up a blast furnace and increases its capacity. 

DISCUSSION 

(y^illiam A, Haven vresiding) 

W. A. Haven,* Cleveland, Ohio. — Two very large installations were described 
here. One was at Inland and the other one at Corrigan-McKinney, on which Mr. 
Counselman said he has not had an opportunity to get data. The fact of the matter 
is that the installation is just going into operation today. The first filter cake is yet 
to be made. Naturally it will be impossible to get any operating data about it, but 
we are rather fortunate in having with us the gentleman who will be in charge of the 
operation at Republic Steel. During the past week or so the tanks have been filling 
up and I doubt whether Mr. Morgan was able to see any cake from the installation, but 
I think we would all appreciate having him give us a few comments on the installation 
so far as he has seen it up to date, 

M. F. Morgan, t Youngstown, Ohio. — We have installed two 70-ft. tanks with a 
new type of Dorr classifier or thickener. We are a little unique, having our tanks 
above the ground. From an operating man^s standpoint, the tunnel and the discharge 
to the suction pump have always been a bone of contention and really an evil in the 
way of handling sludge material. Our tunnels are 6 ft. high and 6 ft. wide, and there 
are two outlets from each tank. We first start with 8-in. pipe and 8-in. valves on 
that installation, and then it is reduced to the 2M-in. pipe to the sludge pumps, so 
that if something should get into the tank we have a way of shutting it off and taking 
out the pipe in between the reducer and taking out the foreign matter without empty- 
ing the sludge tank. 

We have installed the American type filter, six disks, in the sintering plant proper, 
and are discharging onto a 30-in. belt. In other words, we are not crowding our 

* Vice-president, Arthur G. McKee & Co. 
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sludge material down to a small opening and getting it in large gobs. Wbat we are 
trying to do is to have the smallest amount possible of filter cake to take care of in the 
sinter mix and use the amount of flue dust that is going to come into the tanks from a 
four-furnace operation, so that it will not affect our sintering operation. 

This material will discharge directly onto a collecting belt going up to the pug 
mill and from there right to the sintering machine. If the sintering plant should be 
down for a considerable length of time, there is an auxiliary conveyer that will carry 
the material to the ore yard to be used at a future time. Our tanks are concrete and 
our pumphouse is brick. Everything is about as near perfect as we could possibly 
have it, and we are expecting not only wonderful results but a really clean installation, 
and the problem of handling the sludge is, of course, overcome by operating the sinter- 
ing plant 24 hr. a day seven days a week. 

We are very proud of it, and we think we really have a Dorr installation with which 
we will not have mud, etc., all around. We look for no trouble whatsoever; and, of 
course, hope we will not have any. 

W. A. Haven. — Mr. Morgan, it is not often we get an opportunity to combine some 
of the essential features of two very important subjects, flue-dust recovery in the form 
of sludge and conversion of that sludge into a usable blast-furnace raw material. As 
most operators know, Mr. Morgan has had perhaps as broad an experience as anyone 
in the country in the art of sintering flue dust. I wonder if you would be kind enough 
to give us the benefit of your opinion as to the best way of adapting sludge to the 
operation of a sintering plant. 

M. F. Morgan, — The handling of sludge from the sintering-plant standpoint goes 
back to what kind of sinter will be made and what it will do in a blast furnace. Sinter 
for blast-furnace use has been studied carefully, especially in the last few years — the 
types of sinter that are fit for the blast furnace and the types that are not. We have 
found from actual experiments that it takes a sinter that is of uniform quality. In 
handling a sludge material with 30 per cent moisture there must be enough carbon 
in that material not only to dry out the moisture but also to congeal it into a sinter 
cake. The moisture will vary, and it is a difficult material to handle, which will go 
into— well, gobs or balls — and in order that the air may pass through the charge and 
bum the carbon, a very peculiar structure of sinter is obtained by handling the filter 
cake alone or a very hard sinter and very low tonnage and high cost of operation. 

We feel that the smallest amount of the wet sludge that can be added with the 
flue dust and mixture will give the best results. I am not in favor of sintering flue dust 
alone. I think a sinter plant should have carbon control just as the blast furnace has 
carbon control, and it cannot be done with flue dust alone; therefore, adding some ore 
to the mixture along with the flue dust will make an ideal sintering mixture. We 
expect our wet sludge to replace ore in the mixture to a certain extent. 

This is also tentative, but what we are aiming to do is to hold a uniform quality 
of sinter 24 hr. a day, so that the furnaces will receive the same kind of sinter day in 
and day out. I think, from my personal experience, that when sinter starts to vary 
in quality it is going to show a variation in blast-furnace practice. I think that every 
blast-furnace superintendent knows the kind of sinter that he wants, therefore every- 
thing depends entirely upon the operator of the blast furnace as to what kind of sinter 
is made. 

We handled the sludge in Youngstown by putting it into gondola cars and taking 
it to the stock pile of flue dust. The current run flue dust is also dumped into the stock 
pile, and we mix it, one grab bucket of sludge to two grab buckets of dry catcher dust. 
It slides down over the pile in a wet form. The large gobs of dust fall to the end of 
the flue dust pile, and we keep picking that up until we have reduced the moisture 
in the sludge with the dry dust to a point at which we can sinter it in the sintering 
nlant without any trouble. 
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It is just a matter of reducing the moisture, but in adding wet sludge to the sin- 
tering plant, I believe that the thing to do is to get it over the entire period of opera- 
tion and in as small doses as possible, because it is very fine and it is a very hard prod- 
uct to handle alone. 

W. A. Haven. — What do you consider is the maximum percentage of sludge you 
can use with flue dust and make a good sinter? 

M. F. Morgan. — That would depend entirely upon the size of sintering plant 
and also on the amount that must be handled. We expect to handle between 100 and 
125 tons in 24 hr. on a plant capacity of 400 tons in Cleveland, and we think we are 
going to do it without any trouble whatsoever, but I do not think there is any limit 
to the amount. It depends upon how long it is sintered, how much carbon is put into 
the mixture and the class of sinter required. 

W. A. Haven. — That is a good answer. In other words, you could sinter all 
sludge if you had to? 

M. F. Morgan. — Yes. 

R, C. Allen,* Cleveland, Ohio. — I think that something ought to be said from the 
standpoint of the iron ore men. It was remarked that Mr. Counselman is a nuisance 
to blast-furnace people. It has occurred to me that in the same sense he is also a 
nuisance to iron ore people. For although it is true that Mr. Counselman teaches 
the miner by use of his gadgets to recover the maximum of iron from mill heads and 
to use successfully leaner and leaner mill heads, thus adding greatly to the available 
reserve of iron ore, he also is teaching the furnaceman how to make pig iron with the 
use of a minimum amount of iron ore. What he gives to the miner with the one hand 
he takes away with the other. He is a practical conservationist. Conservation is 
good for everybody in the long run but many oxen are to be gored in the commercial 
adjustments that follow in its wake. Just now we have a superabundance of iron 
ore seeking a market and would be pleased even if astounded to hear of plans for using 
more virgin metal in making iron and steel. 

The furnaceman and the miner have much, but not everything, in common. By 
experience we know that when things go wrong at the furnace the ore people are almost 
sure to be involved before the trouble shooting has found its mark. 

I am reminded of an experience with Chairman Haven some years ago when he was 
an operator of blast furnaces. He is now a builder of furnaces. Mr. Haven found 
zinc in his furnace and traced its source to an ore that had been obtained from us. 
My first reaction to that information was that he was getting something he was not 
paying for, but that did not make a hit with him because he did not see how he could 
make spelter in a blast furnace. It occurred to me then that if zinc were in that ore 
probably other elements not accounted for in the ordinary commercial analysis were 
there too. And so it proved. Mr. Charles Murray made a complete analysis and 
found not only zinc, as determined by Mr. Haven, but also lead, silver and cobalt. 

In the iron-ore business — and probably in the steel business — we do not really 
analyze the materials that we are using. I have often talked to Mr. Murray and 
others interested in the composition of ores about the interest that would attach to 
a detailed study of iron ore to find out what it is and what it actually contains, 

I do not remember, Mr. Haven, just how that argument came out. I believe that 
you went on using the iron ore. 

W. A. Haven. — That is right, we did. We had an awfully hard time finding 
that zinc — we analyzed scrap and everything else — ^because Mr. Murray^s analysis 
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did not show any zinc, as you have said. However, we knew we were getting zinc 
because we were finding it in nuggets in the linings and it had to come from some place. 
The chief chemist there was challenged by the problem and got samples of all the ores, 
big tubfuls, and boiled it down repeatedly until finally he found the zinc. There is 
just this much to be said about my complaint, Mr. Allen. I was interested in your 
admitting it here, but I wish you would tell them that I never told anybody but you 
about it. 

R. C. Allen. — That is right. 

J. T. Mackenzie,* Birmingham, Ala. — I should like to ask whether the zinc con- 
centrates in the flue dust and whether those volatile materials will build up to still 
more troublesome concentrations with these different things. 

W. A. Haven. — I do not know where that zinc does finally go. It goes out in 
such small quantities that it is hard to find. It is only in the furnace itself where it 
is being volatilized and then condensed and going up and down like a pump handle 
that finally there is a concentration of the zinc gases that enables it to be precipitated 
in quantity — and that would not be serious if it were not for the fact that some of 
us believe that in condensing out and crystallizing in the lining it has a bearing on 
disintegration of brick. There is some question as to whether we are right or wrong 
about that; but the fact of the matter is that we could find nuggets of zinc in our lining 
and some had split shells along with it. 

As to concentration in flue dust, it is my own opinion that it leaks out in small 
quantities, because in the ordinary blast furnace we had to take barrels of it to find 
it to start with. 

F. B. Thacker, f Chicago, lU. — I do not believe very much zinc gets out of the 
furnace. I think it practically all condenses back and is dissipated either in or through 
the lining some place. You might get it out the top of the furnace and into the dust 
if you had high top heats, but I do not think the modem blast furnace has a sufficient 
top heat to let it go out as a volatile. It practically all condenses before it gets up to 
the top of the stack. 

R. C. Allen. — I think that a study of the composition of iron ore could be under- 
taken by this committee. Iron ore from the Lake Superior region is analyzed only for 
its major constituents, but there are elements in the ore that the miner and the blast- 
furnace man do not know anything about. I suspect that there are very few iron 
ores that have ever been completely analyzed. Would it not be well worth while for 
this committee to undertake a serious study of the composition of iron ore? I do not 
know what all of the implications would be, but certainly we are entitled to know about 
the ore we are using, not only its gross characteristics but all of its characteristics. It 
seems to me that this is the proper organization to imdertake that study. I am per- 
sonally much interested in such an investigation; I should like to hear from Mr. Murray 
about it. 

C. B. Murray, t Cleveland, Ohio. — ^In the last year or two we have made analyses 
of certain ores particularly as to chromium, and we find chromium in practically all 
of the Lake Superior ores. Only one ore went as high as 0.2 per cent. Most of them 
have chromium in the second and third decimal place. Whether that is a detriment 
to the ore, I am not prepared to say. We have also analyzed all the ores for zinc, and 
with one exception they all have zinc, mostly in the second and third decimal place. 
That is as far as I have looked into these things. 

* Metallurgist and Chief Chemist, American Cast Iron Pipe Co. 
t Assistant General Manager, Interlake Iron Corporation. 
t Crowell & Murray. 
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W. A. Haven. — Before we leave this subject I am going to ask your patience to 
tell you about somebody spoofing me or trying to spoof me recently down in southern 
Ohio. There they have a peculiar operation. They dredge their limestone out of 
the river — actually have a limestone gravel, the most interesting thing I have ever 
seen in limestone. Somebody, in analyzing the limestone, found a small quantity 
of gold. Somebody tried to lead me to believe that when they took the salamander 
out of the furnace when they shut it down they were going to pay for the whole rebuild- 
ing with what they got out of the bottom of the furnace. 

What would happen to gold charged into a blast furnace in small quantities? 
Where would it eventually show up, if at all? 

J. S. Unger, Pittsburgh, Pa. — In one of the first books published in Germany by 
Dr. Fresenius, who was one of the fathers of analytical chemistry, he shows a complete 
analysis of a pig iron in which he gives a certain amount of silver and gold. If it had 
not been for the authority he possesses, as an analyst, I would be inclined to believe 
that a fairy story. I do not think Dr. Fresenius would publish anything that he him- 
self actually had not determined by analysis. 

It is possible, and I think it is correct, that if you take a large sample you can find 
gold and silver in limestone or iron ore. Following the discussion, zinc, as you know, 
is quite common in some ores, sometimes in very large quantities, as in some of the 
manganese-iron-ore-zinc ores of Pennsylvania. Whether zinc is injurious to the 
quality of pig iron made is a question of doubt. If an ore carried small quantities 
of zinc, the zinc might be volatiHzed and carried over and condensed as a metallic 
zinc, or it might be oxidized and go up through the burden in the furnace as a fume, 
and if carried through as a fume, as oxized zinc, it probably would be mixed with the 
flue dust. The likelihood is that the zinc would be found in the flue dust and not with 
the pig iron. 



The Freezing of Cast Iron 

By Alfred Boyles,* Member A.I.M.E. 

(New York Meeting, February, 1937) 

^'Heredity^^^ in cast iron has been a subject of much discussion. 
Numerous experimenters have found that the properties of gray iron may 
vary greatly without corresponding variations in composition or thermal 
treatment. The main structural difference in such cases is in the size 
and distribution of the graphite flakes and the explanations given usually 
attribute this difference to some chemical element not shown by ordinary 
analysis or to some physical factor, such as inclusions in the melt. It 
cannot be said that any of these theories is completely satisfactory. 
Much remains to be learned about cast iron and for this reason a study 
of the material was undertaken as a part of the program of fundamental 
research at Battelle Memorial Institute. A review of the literature 
indicated that very little systematic work had been done on the mecha- 
nism of freezing in cast iron. The experiments described below are 
largely concerned with that problem. 

Normal and “ Dendritic Cast Iron 

As examples of variation in type of structure, photomicrographs of 
two test bars of cast iron are shown (Figs. 1 and 2) and the composition 
and properties are given in Table 1. Both are common, unalloyed 
gray iron. 


Table 1. — Composition and Physical Properties of Test Bars 


Test 

Composition, Per Cent 

Tensile 

Strength, 

Brinell 

Bar No. 

Total C 

Si 

Mn 

P 

s 

Lb. per 

Sq. In. 

Hardness 

13 

2.98 

2.20 

0.79 

0.41 

0.037 

38,500 

216 

49 

3.11 

1.70 

0.69 

0.10 

0.030 

22,375 

200 


Test bar No. 13 has normal graphite flakes while No. 49 has very 
fine, lacy graphite arranged in a dendritic pattern, the matrix in both 
being pearlite. These two types of cast iron are well known to foundry- 
men and need no detailed description. 


Manuscript received at the office of the Institute Nov. 30, 1936. 
* Metallurgist, Battelle Memorial Institute, Columbus, Ohio. 

1 References are at the end of the paper. 
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Fig. 1. — Test bae No. 13. Noemal steuctuee. 
Fig. 2. — ^Test bae No. 49. Dendeitic steuctuee. 
Both, etched in HNOs. X 100. 
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It was found that by heat-tinting a dendritic pattern could be devel- 



Fig. 5. — Constant-silicon section of ternary diagram. 

From Alloys of Iron and Silicon, by Greiner, Marsh and Stoughton. 

oped in both samples (Figs. 3 and 4). The operation of heat-tinting 
consists in slowly heating a highly polished speci- 
men in air until temper colors develop. Portions 
of the metal that differ in composition produce 
the series of temper colors at different rates. By 
stopping the action at the proper time, a color 
contrast is developed, which reveals the segrega- 
tion pattern in the metal. Structures developed 
by etching in the usual way may not show any 
trace of the pattern revealed by heat-tinting. 
This method, first employed by Martens and 
Behrens^, is very useful in studying the macrostruc- 
ture of cast iron. 

In Fig. 3 long dendrites are clearly shown, 
forming a close latticework structure. That these 
dendrites were the first part to freeze is indicated 
by the distribution of the phosphide eutectic, 
which occurs only in the spaces between the 
dendrites. A close study of the specimen reveals 
that the graphite flakes are also confined to the 
spaces between the dendrites. In “dendritic*' 
cast iron this interstitial distribution of graphite 
is perfectly obvious but with normal flakes a 
dendritic arrangement is not nearly so apparent 
Fig. 6. — c^ubnchinq (compare Fig. 1 with Fig. 2). 

ARRANGEMENT. thought that Something could be learned 

about the formation of the dendrites by quenching small melts at various 
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stages of cooling through the freezing range. In an alloy of 3 per cent 
carbon and 2 per cent silicon the freezing range is rather long (Fig. 5) and 
a melt while cooling through this temperature interval consists of solid 
austenite plus liquid. When such a melt is quenched the liquid freezes 
quickly, breaking up into more austenite plus carbide (which may or may 
not graphitize). In studying the resulting structure we must be able to 
distinguish between the austenite that formed during the slow cooling and 
that which formed during the quench. Two factors assist in making a 
distinction: (1) a difference in the fineness of their structure due to the 
great difference in rate of formation; (2) a gradual increase in the amount 
of primary austenite appearing in samples quenched at successively lower 



MINUTES 

Fig. 7. — Cooling curves op quenched specimens. 


temperatures, a circumstance that should serve to identify the pri- 
mary constituent. 

The method of quenching itself gives still another means of interpret- 
ing the results. Small clay crucibles containing the molten cast iron 
were dropped into water. None of these crucibles broke in quenching 
and consequently the metal was cooled more rapidly on its top surface 
than elsewhere. A vertical section through the regulus should show an 
effect of quenching rate, grading from top to bottom. As an example, 
a small crucible of hypoeutectic cast iron quenched from the full liquid 
state will have near its top surface a structure composed of carbide plus 
what was austenite (transformed of course into martensite). Only a 
few traces of graphite will be found in this top layer of metal. The 
amount of graphitization increases toward the bottom of the melt as 
would be expected. Such graphite occurs as very fine particles arranged 
in patches, as will be illustrated later. 
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Fig. 8. — Sample No. 1. Quenched from 2385° F. 
Fig. 9. — Sample No. 2. Quenched from 2300° F. 
Both heat-tinted. X 20. 
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Obviously, the amount of graphite formed is determined by the 
stability of the carbide and by the rate of cooling. By comparing differ- 
ent cast irons quenched in the same way, any marked difference in their 
urge to graphitize may be detected simply by noting the amount of fine 
graphite in the lower part of the melts. In a melt that is slowly freezing, 
the parts of the structure already formed at the time of quenching will 
be uniform from top to bottom, because they are not influenced by the 
quenching rate. Thus it is possible to distinguish between constituents 



Fig. 10. — Dendrite of primary austenite projecting out of surrounding liquid. 

Heat-tinted. X 250. 


that existed at the temperature of quenching and those that formed 
during the quench. A study of a series of specimens handled in this way 
should give some information on the mechanism of freezing. 

Pieces weighing about 50 grams were machined from test bar No. 13 
to fit small crucibles (Battersea annealing cups). A short silica tube, 
A in Fig. 6, was placed in a hole drilled through the center of each charge 
and into the silica tube a bare platinum platinum-rhodium thermocouple 
was introduced. The crucible and its contents were held against the end 
of the porcelain tube B of the thermocouple by means of a bail of nickel 
wire. At any time the whole assembly could be dropped away from the 
thermocouple by releasing a wire attached to the bail. A vertical-tube 
resistance furnace was used in melting. In each case the melt was brought 
up to 2400° F., the power cut off and temperature readings started. After 
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Fig. 11. — Sample No. 3. Quenched peom 2200° F. 
Fig. 12. — Sample No. 4. QtrENCHED pbom 2140° F. 
Both heat-tinted. X 20. 
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Fig. 13. — Sample No, 5. Quenched prom 2110° F. 
Fig, 14, — Sample No, 6, Quenched prom 2000° F, 
Both heat-tinted. X 20, 
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a lag of about two minutes the normal slow cooling began. At the desired 
temperature the melt was dropped into a vessel of \vater placed below the 
furnace. Commercial tank nitrogen was passed through the furnace 
during melting to keep down oxidation. 

Temperature readings w^ere taken at one-minute intervals and are 
shown plotted in Fig. 7. The quenched samples were sectioned vertically 
so that the whole structure from top to bottom could be studied. In this 
way the effect of quenching rate was observed. In describing the samples 
the constituents of the metallic groundmass will be mentioned first and the 
relationship of graphite to these constituents described later. 

Structure of Quenched Specimens 

Sample No. 1. Quenched from 2385° F. The primary austenite is 
just beginning to form and appears as martensitic patches in a complex 
background resulting from quenching in the liquid state (Fig. 8). 

Samples No. 2. Quenched from 2300° F. Dendrites of primary 
austenite are seen growing in the liquid melt (Fig. 9). The size and 
number of these dendrites is the same from top to bottom. They were 
present as solid material at the quenching temperature, as indicated 
in Fig. 10. 

Sample No. 3. Quenched from 2200° F. The dendrites have grown 
greatly in length (Fig. 11). They are very uniformly distributed 
through the melt. 

Sample No. 4. Quenched from 2140° F. Crystallization centers 
have appeared in the liquid between the dendrites (Fig. 12), which is 
now of eutectic composition. The structure shown is quite uniform 
throughout the melt. 

Sample No. 5. Quenched from 2110° F. The crystallization centers 
have developed into a cell-like structure (Fig. 13). Some liquid filling 
material still remains at the boundaries of these cells. 

Sample No. 6. Quenched from 2000° F. The cell structure is fully 
developed (Fig. 14). In this photograph one of the primary dendrites 
may be seen crossing three separate cells. 

Sample No. 7. Quenched from 1900° F. 

Sample No. 8. Quenched from 1800° F. 

Sample No. 9. Quenched from 1700° F. 

These specimens had the same type of structure as that shown in 
Fig. 14. The white constituent around the cells diminished in amount 
as the temperature fell. 

Sample No. 10. Slowly cooled to room temperature. The cell struc- 
ture remains as above except that the white filling material is gone. 
Traces of the primary dendrites are clearly shown (Fig. 15) . It is interest- 
ing to compare Fig. 15 with Fig. 3, showing the original structure of test 
bar No. 13. The dendrites differ greatly in size, owing to the difference 
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in rate of cooling. Both samples show a cell structure and in both the 
phosphide eutectic is located in the boundaries of the cells, a natural 
result of selective freezing. 

In Fig. 16 the exact field of Fig. 15 is shown, etched in nitric acid. 
There is no sign of dendrites; the structure is that of a normal cast iron. 
The ferrite areas of Fig. 1 6 occur at the center of the cells shown in Fig. 15. 

Relation of Graphite to Structure 

Samples 1, 2 and 3 contain graphite in a very finely divided form, and 
all contain about the same amount. This graphite occurs only in the 
filling material between the dendrites and its amount increases from top 
to bottom in each melt, indicating that it was formed during the quench. 
The first graphite flakes appear in sample No. 4, quenched from 2140° F. 
These flakes are confined to the fillings between the dendrites and occur 
only in the crystallization centers of the eutectic. Some of the flakes 
appear at the extreme top surface of the melt and the variation in size 
and amount is very slight from top to bottom. We may assume that 
they were present as flakes at the time of quenching. With the gradual 
freezing of the eutectic liquid the flakes increase in number down to the 
point of complete solidification. 

A cast iron containing 0.41 per cent phosphorus is not completely 
frozen until a temperature of around 1750° F. is reached. As the 
crystallization centers of the eutectic grow the liquid surrounding them 
becomes richer in phosphorus, gradually approaching the ternary eutectic 
of austenite, iron carbide and iron phosphide. According to Kiinkele^ 
a ternary eutectic is always formed in gray iron, which later breaks down 
into a pseudobinary of iron and iron phosphide plus graphite, the 
extent of the breakdown depending on various factors such as composition 
and cooling rate. However this may be, it is evident that the presence 
of phosphorus greatly complicates any study of the way in which the 
graphite flakes form, the thing in which we are most interested. At the 
same time phosphorus aids in the interpretation of the quenched specimens 
by marking out the macrostructure of the metal. A distribution of phos- 
phide like that shown in Fig. 14 is very common in hypoeutectic cast iron. 
It is sometimes visible in the fracture as a network of fine white lines. 

The information derived from this series of quenched specimens may 
be summarized as follows: 

1. Primary austenite freezes out in the form of dendrites, which 
continue to grow down to the eutectic temperature. 

2. Crystallization of the eutectic liquid begins at centers, which grow 
equally in all directions, forming a cell-like structure. 

3. Segregation takes place in two stages: (a) between the primary 
dendrites and the liquid, (6) from the crystallization centers of the eutectic 
outward into the boundaries of the cells. 
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Fia. 15. — Sample No. 10. Slow-cooled to boom temperatuee. Hbat-tinte 

X20. 

Fio. 16. — Same field as Fio. 15. Etched in HNOj. X 20. 
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4. Constituents formed during the freezing of the eutectic occupy 
the interstices of the dendrites. The graphite flakes and the phosphide 
eutectic are thus restricted by the size and distribution of the dendrites. 

Alloys of Iron, Carbon and Silicon 

In order to study the graphitization of the eutectic without the 
complication introduced by phosphorus, it was decided to repeat the 
quenching experiments on an alloy of iron, carbon and silicon made up 
from very pure materials and having the approximate composition of an 
ordinary foundry iron. Electrolytic iron (from Westinghouse Electric & 
Mfg. Co.) was melted with the proper amounts of graphite and silicon 
carbide to give alloys of the composition shown in Table 2. 


Table 2. — Composition of Iron Alloy Test Piece 


Alloy No. 

Total C 

Si 

s 

Mn 

P 

7 

3.06 

1.91 



0.010 

8 

3.49 

2.01 



0.008 


The charges were melted in a covered magnesia crucible, using a 
high-frequency induction furnace. Each melt was sand-cast into two 
standard transverse test bars 1.2 in. in diameter. Pieces weighing about 
50 grams were machined from these bars to fit the small clay crucibles 
used in quenching. The arrangement shown in Fig. 6 had given 
trouble by hanging up of the thermocouple and contamination of the 
platinum by the melt. A different arrangement was made in order to 
overcome these diflflculties. Two thermocouples were first checked 
against each other. One was then placed in a silica tube immersed in the 
melt and the other was placed alongside the crucible. Simultaneous 
readings were taken during the slow cooling of a 50-gram sample of alloy 
No. 8, with the results shown in Fig. 17. The two couples were again 
checked against each other and found to agree within 10° over the temper- 
ature range in question. In making a quenching test only the couple 
alongside the crucible was used, cdre being taken to place the hot junction 
accurately in the same place with respect to the melt and the walls of the 
furnace tube. By reference to Fig. 17, the temperature of the metal 
during cooling could be estimated with a degree of accuracy at least 
equal to that shown in Fig. 7. Cooling curves were plotted on every 
melt as a check on the cooling rate down to the temperature of quenching. 
The results were very concordant. 

A new furnace equipped with Globar heating elements (Burrell type 
B7) was used in these tests and in all subsequent work. The cooling rate 
of this furnace is much faster than that of the furnace used in the first 
series of tests (compare Fig. 7 with Fig. 17). Each melt was brought 
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Fig. 18. — ^Test bae oast feom alloy No. 8. Etched in HNOa. X 20. 
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Fig. 19. — Detail of stetjctbre in Fig. 18. Etched in HNO 3 . X 100. 
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Fig. 21. — ^Sample No. 18. Quenched peom 2100° P. Heat-tinted. X 20. 
Fig. 22. — Detail or strdctuhe in Fig. 21. Heat-tinted. X 100. 
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Fig. 23. — Sample No. 19. Quenched from 2025° F, Heat-tinted. X 20. 
Fig. 24. — Detail op structure in Fig. 23. Heat-tinted. X 100. 
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Fig. 25. — Sample No. 20. Quenched from 2010® F. Heat-tinted. X 20. 
Fig. 26.— Detail of structure in Fig. 25. Heat-tinted. X 100. 
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up at the same rate to a temperature of 2600° F., the power was cut off 
and temperature readings were started. At the desired temperature the 
crucible was dropped into water. Commercial tank nitrogen was passed 
through the furnace during melting. 

Structure of the Quenched Specimens 

The structure of alloy No. 8 as cast is shown in Figs. 18 and 19. It 
consists of ferrite and graphite and is highly dendritic. Rosettes of 
graphite flakes occur (A in Fig. 18) but most of the graphite is extremely 



Fig. 27 . — Sample No. 21 . Quenched fkom 1970 ° P. Heat-tinted. X 20 . 


fine. This metal machined with great ease. The test bars, broken on 
18-in. centers, gave a transverse strength of 1950 lb. and a deflection of 
0.24 in. The Brinell hardness was 110. 

Sample No. 16. Quenched from 2400° F. Fig. 20 shows the structure 
of a small pellet, which ran out into the quenching bath. Graphitization 
was almost entirely suppressed by the rapid cooling. The metal was 
fully liquid at time of quenching. 

Sample No. 17. Quenched from 2200° F. This specimen resembles 
No. 16. No primary austenite has formed at this temperature. 

Sample No. 18. Quenched from 2100° F. The metal is just above 
the eutectic freezing range. Dendrites of primary austenite have formed 
in the melt, most of which was still liquid at the quenching temperature 
(Fig. 21). Finely divided graphite occurs in spots (Fig. 22). This 
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Fig. 28. — Sample No. 23. Slow-cooled to boom tempbratuee. Heat-tintbi 

X20. 

Fig. 29. — ^Identical held shown in Fig. 28. Etched in HNOj. X 20. 
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undoubtedly formed during the quench, since it increases greatly in 
amount towards the bottom of the melt. Similar fine graphite occurs 
in the lower part of Nos. 16 and 17. 

Sample No. 19. Quenched from 2025° F. Crystallization centers 
have appeared in the eutectic liquid and freezing is under way (Fig. 23). 
Graphite flakes have already formed in these centers, and additional 
fine graphite has formed during the quench (Fig. 24). A rosette structure 
is already apparent around the crystallization centers. 

Sample No. 20. Quenched from 2010° F. The crystallization centers 
are closing together to form a cell structure (Fig. 25). A consideration 
of Figs. 22, 24 and 26 will show definitely that the finely divided graphite 
surrounding the rosettes formed during the quench. It forms no part 
of the structure that is slowly developing as the metal cools. 

Sample No. 21. Quenched from 1970° F. Graphitization of the 
eutectic is complete. The crystallization centers have developed into a 
large cell structure (Fig. 27). Rosettes of graphite flakes occupy the 
large cells. The primary dendrites are clearly visible and appear to be 
independent of the cell structure. 

Sample No. 22. Quenched from 1825° F. This specimen is identical 
to No. 21. 

Sample No. 23. Slowly cooled to room temperature. This specimen 
resembles the original test bar. It is highly dendritic and heat-tinting 
shows a very clear cell structure (Fig. 28) with rosettes of graphite flakes 
occupying the center of the cells. Fig. 29 shows the identical field of 
Fig. 28, etched in nitric acid. The matrix is ferrite with a few spots of 
pearlite like that shown in the center of the field. Etching reveals no 
trace of the cell structure brought out by heat-tinting. 

Several things should be pointed out in Fig. 28 because the whole 
mechanism of freezing is illustrated in this one photograph. First, the 
primary dendrites are entirely independent of any other feature in the 
structure. They were formed first and all that transpired later was 
confined to the spaces between them. These dendrites are the skeletons 
of crystals, which were never completed because a new mechanism inter- 
vened; namely, the freezing of the eutectic. When the melt reached the 
eutectic temperature solidification began at various centers, which grew 
equally in all directions, forming masses of spherical shape (Fig. 25). 
Graphite flakes formed immediately upon freezing and continued to grow 
radially as the spheres developed in size. The result is a rosette of 
graphite flakes centered about each crystallization point. (A typical center 
is marked A in Fig. 28. It should be borne in mind that all the cells 
shown here are not sectioned through the middle.) The spherical masses 
finally grew into what might be called the original grain size” of the 
eutectic, a thing entirely independent of the size of the primary 
dendrites. 
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We are chiefly interested in the size of the graphite flakes because 
they constitute the most important variable in the structure of cast iron. 
It is evident in this case that the flake formation is intimately bound up 
with the growth of the eutectic cells. The first graphite formed at A in 
Fig. 28 was very fine, like that shown in Fig. 19. Radiating out from this 
are long flakes, which terminate in still more fine graphite located in the 
boundary of the cell. It is hardly conceivable that the rate of freezing 
varied in this tiny cell over a range sufiScient to account for such a varia- 
tion in flake size. The mode of formation of the cells suggests rather a 
connection with selective freezing, since it is reasonably certain that 
impurities in the eutectic liquid are gradually concentrated into the cell 
boundaries — ^as occurred with phosphorus in the freezing of a normal 
cast iron. 

In comparing the iron-carbon-silicon alloy with normal cast iron, 
several points should be mentioned. 

1. The mechanism of freezing is essentially the same in both. 

2. The urge to graphitize is much stronger in the iron-carbon-silicon 
alloy, a thing clearly indicated by the amount of graphite formed in the 
lower part of melts quenched from the liquid state. 

3. The graphite flake structure of the iron-carbon-silicon alloy is 
highly abnormal and this difference persists after remelting. Since the 
normal cast iron contains considerable amounts of phosphorus, manganese 
and sulphur, the question naturally arises as to what influence these 
elements may have on the formation of graphite flakes. 

Additions to the Iron-carbon-silicon Alloys 

Additions of phosphorus, manganese and sulphur were made to 
50-gram melts of the iron-carbon-silicon alloys with a view to determining 
the effect of these elements individually. Clay crucibles were used and 
melting was conducted in an atmosphere of nitrogen. In order to elimi- 
nate variables, the melting and cooling cycle was standardized as follows: 
By controlling the electrical input, the Globar furnace was brought up to 
2500® F. in a period of 70 min. and held at this temperature for 10 min., 
after which the power was cut off and the furnace allowed to cool at its 
natural rate down to below 500® F. before the melt was removed. Fig. 17 
shows the cooling rate. 

The most satisfactory means found for making additions was as 
follows. Several small holes were drilled down into the interior of the 
charge and the element to be added was placed in the bottom of these 
holes. Chips taken from the holes were then placed above the added 
element and driven in very tightly with a punch until the holes were 
completely filled. Additions were made in the elemental form using 
materials of reagent quality. 
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Effect of Phosphorus. — Phosphorus did not produce much change in 
the graphite flakes. The structure of a melt containing 0.48 per cent is 
shown in Fig. 30. Fine graphite occurs in each crystallization center and 
short flakes are present in the boundaries of the cells. The matrix is 
ferrite with a small amount of pearlite, mainly around the phosphide 
eutectic. . Four melts ranging from 0.30 to 0.70 per cent phosphorus gave 
the same type of structure. In all cases the phosphorus segregated into 
the boundaries of the cell structure in the same manner observed in cast 
iron. Otherwise the structures are highly abnormal and bear little 
resemblance to cast iron. 

Effect of Manganese. — Additions of Baker’s C.P. manganese metal 
were made to the iron-carbon-silicon alloys to give melts of the analysis 
given in Table 3. 


Table 3. — Iron-carbon-silicon Alloys with Manganese 


Alloy No. 8, C 3.48 Per Cent, Si 2.01 Per Cent 

Alloy No. 7, C 3.06 Per Cent, Si 1.91 Per Cent 

Sample No. 

Manganese, 
Per Cent 

Brinell 

Hardness 

Sample No. 

Manganese, 
Per Cent 

BrineUl 

Hardness 

55 

0.15 

119 

58 

0.16 

123 

57 

0.27 

no 

59 

0.35 

141 

25 

0.39 

114 

60 

0.63 

156 

56 

0.73 

141 

61 

0.85 

205 

45 

0.86 

179 

62 

1.22 



In all cases manganese produced a peculiar type of structure, an 
example of which is shown in Fig. 31. Fine graphite occurs in each crystal- 
lization center in the eutectic. Long flakes radiate from these centers, 
forming a very pronounced rosette structure. With increasing manga- 
nese content the amount of pearlite increases gradually, but even sample 
No. 62 containing 1.22 per cent is not fully pearlitic. The pearlite occurs 
chiefly in the boundaries of the cells, as is shown in Fig. 31. These 


Table 4. — Iron-carbon-silicon Alloys with Sulphur 


Alloy No. 8, C 3.49 Per Cent, Si 2.01 Per Cent 

Alloy No. 7, C 3.06 Per Cent, Si 1.91 Per Cent 

Sample No. 

Sulphur, 

Per Cent 

Brinell 

Hardness 

Sample No. 

Sulphur, 

Per Cent 

Brinell 

1 Hardness 

• 27 

0.018 

200 

46 

0.026 

216 

28 

0.024 

195 

47 

0.100 

225 

24 

0.076 

190 

48 

0.146 

228 

52 

0.161 

200 ! 

49 

0.194 

228 

53 

0.250 

205 

50 

0.282 

222 

54 

0.294 

205 
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Fig. 30. — Alloy No. 8 plus 0.48 per cent phosphorus. 
Fig. 31. — Alloy No. 8 plus 0.39 per cent manganese. 
Both etched in HNO3. X 20. 
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Fig. 32. — ^Allot No. 8 plus 0.076 pbb cent sulphur. Etched in HNOj. X 20. 
Fig. 33. — Detail or structure shown in Fig. 32. Etched in HNOj. X 100. 
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Figs, 36-41. — ^Effect of sulphur on flake size in alloy No. 8 . Unetched. 

X20. 

Per cent sulphur: 0.018, Fig. 36; 0.024, Fig. 37; 0.076, Fig. 38; 0.161, Fig. 39; 0.250, 
Fig. 40; 0.294, Fig. 41. 
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structures produced by manganese are quite different from the original 
alloys (compare Fig. 31 with Fig. 29) but they are also quite different 
from normal cast iron. 

Effect of Sulphur . — Additions of elemental sulphur were made to give 
the compositions listed in Table 4. 

The effect of sulphur on the iron-carbon-silicon alloys is very striking. 
Raising the sulphur to 0.018 per cent rendered the matrix fully pearlitic 
and produced a very marked change in the graphite flakes. The structure 
of sample No. 24, containing 0.076 per cent S, is shown in Figs. 32 and 33. 
It is identical to a normal, fully pearlitic cast iron. Heat-tinting reveals 



the usual cell structure of the eutectic as shown in Fig. 34, which is the 
same spot shown in Fig. 32. Fig. 35 is a sulphur print from the exact 
spot shown in Fig. 34. This sulphur print was enlarged 20 diameters 
and reversed in copying so as to give a direct comparison. It indicates 
that sulphur has segregated into the boundaries of the cells shown in 
Fig. 34. All the melts were studied by means of sulphur printing and 
the same thing was found in all cases. It should be remembered that we 
are dealing here with the segregation of iron sulphide. In the presence 
of manganese a different distribution is obtained. 

The effect of sulphur on the size of the graphite flakes is illustrated in 
the series from Fig. 36 to Fig. 41. These photographs show an extremely 
interesting thing. As the sulphur is raised the flakes increase in size up 
to a maximum, after which they become smaller again. Exactly the same 
thing was found in alloy No. 7, with this exception; a given percentage 
of sulphur exerted a greater effect in the lower carbon material. Such a 
result is not hard to understand if we consider how the sulphur segregates 
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during freezing. As the primary dendrites grow sulphur is concentrated 
into the remaining liquid. The more primary austenite formed, the 
greater the concentration will be. Dendrites are much more numerous in 
alloy No. 7 than in alloy No. 8, because of the difference in carbon content. 
With the same percentage addition, the sulphur content of the eutectic 
will be higher in alloy No. 7 and consequently the effect on graphitization 
will be greater. 

Fig. 42 shows sample No. 46, made from alloy No. 7 with 0.026 per 
cent sulphur, which has normal graphite flakes. Sample No. 50, with 



Fig. 45 . — Sample No. 31 . Quenched prom 2100 ° F. Heat-tinted. X 20 . 


0.282 per cent sulphur, contains fine graphite, as shown in Fig. 43. In 
the series between these two there is a gradual transition, the flakes 
becoming smaller as the sulphur is raised. All the alloys in both series are 
fully pearlitic, but no trace of mottle could be found, a fact that is borne 
out by the hardness tests. 

Quenching Tests on Alloy No. 8 with Sulphur Addition 

The remarkable change produced by adding sulphur to the iron- 
carbon-silicon alloys led naturally to a consideration of the effect of 
sulphur on the mechanism of freezing. By the addition of less than one- 
tenth of one per cent a highly abnormal alloy is converted into a material 
having the structure of cast iron. In order to compare the mechanism 
of freezing in the two cases, quenching tests were made on alloy No. 8 
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Fig. 48. — Sample No. 36. Qwenched pbom 2025“ F. Heat-tinted. X 20. 
Fig. 49. — ^Detail op strectuei op Fig. 48. Heat-tinted. X 100. 
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Fig. 60. — Sample No. 33. Quenched from 1970° F. Heat-tinted. X 20. 
Fig. 61. — Detail op structure op Fig. 60. Heat-tinted. X 100. 
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with, a sulphur addition. To each 50-gram charge, 50 mg. of sulphur was 
added by the method already described. The procedure in melting and 
quenching was exactly like that used for alloy No. 8. Great care was 
exercised in controlling the experimental conditions so that the two sets 
of quenched specimens would be strictly comparable. The structures 
obtained are described below. Fig. 44 shows the preliminary cool- 
ing curves. 

Sample No, 29. Quenched from 2400° F. This sample is like Fig. 20. 
At this temperature the metal was fully liquid. Very little graphite 
formed during the quench. 

Sample No. 30. Quenched from 2200° F. Resembles No. 29. The 
precipitation of primary austenite has not started. 

Sample No. 31. Quenched from 2100° F. Dendrites are growing in 
the liquid melt (Fig. 45). This structure should be compared to Fig. 21. 
In the original alloy much fine graphite formed during the quench. The 
addition of sulphur prevented such graphitization. 

Sample No. 32. Quenched from 2040° F. Freezing of the eutectic 
is under way and graphite flakes have already formed in the crystallization 
centers (Fig. 46). Compare Fig. 47 with Fig. 24. In the original alloy 
much fine graphite formed during the quench. The addition of sulphur 
prevented this completely, as is evident in Fig. 47. 

Sample No. 36. Quenched from 2025° F. The crystallization centers 
are forming into a cell structure (Fig. 48). Compare Fig. 49 with Fig. 26. 
The addition of sulphur prevented the formation of fine graphite during 
the quench. In both cases the graphite flakes are growing lengthwise 
out into the remaining liquid, but there is a very marked difference in 
the size of the flakes. A tendency to form rosettes is evident in both cases. 

Sample No. 33. Quenched from 1970° F. Freezing of the eutectic 
is complete (Fig. 50). This photograph should be compared to Fig. 27. A 
little carbide remains undissociated' and shows as white areas in Fig. 51. 
The graphite flake structure is substantially complete at this temperature. 
Several things should be pointed out in Figs. 50 and 51. The primary 
dendrites, clearly revealed by heat-tinting, are visible only because they 
were outlined by segregation during freezing. The austenite which 
formed during the freezing of the eutectic merged with that of the primary 
dendrites to give one continuous mass. Upon quenching, this composite 
austenite transformed into martensite but the markings in the martensitic 
structure bear no relation whatever to the original dendrites. Etching 
in the usual way reveals no trace either of dendrites or cell structure. 
It shows nothing but a matrix of martensite containing normal 
graphite flakes. 

Sample No. 34. Quenched from 1825° F. This specimen is identical 
to No. 33 except that free carbide, like that shown in Fig. 51, is absent. 
As the alloy cools down below the eutectic temperature additional graphite 
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will form as the austenite approaches eutectoid composition. Such 
graphitization is of minor importance as regards the flake structure, 
because the major features of this structure are already established. 
The quenching experiments show two things very dej&nitely: 

1. Graphite flakes do not begin to form until the eutectic begins 
to freeze. 

2. As soon as the eutectic is completely frozen the flake structure is 
essentially complete. 

A comparison of Fig. 51 with Fig. 33 will illustrate the second point. 
The quenching tests show further that sulphur has increased the stability 
of the eutectic carbide as indicated by the amount of graphitization dur- 
ing the quench. The fact that sulphur stabilizes the carbide in cast iron 
is established beyond dispute. In the iron-carbon-silicon alloys, increas- 
ing the carbide stability has increased the size of the graphite flakes, a 
rather unique behavior. 

An effect of this kind suggests a direct relationship between the rate 
of dissociation of cementite and the size of the resulting graphite flakes. 
Graphitization, which occurs during the freezing of the eutectic liquid, 
may be considered as involving two types of action; 

1. Liquid austenite + carbide. 

2. Carbide — > austenite + graphite. 

The first action is governed by the rate of cooling, which was held con- 
stant in the experiments under discussion. The second action is governed 
by the inherent stability of the eutectic carbide, a thing we recognize as 
variable without knowing just why. 

It is evident from the quenched specimens that the flakes grow out- 
ward from crystallization centers in the eutectic. As each flake grows, it 
forms about itself a layer of solid austenite, which is one of the constit- 
uents of the eutectic. Fig. 49 shows flakes growing in this manner. 
Any carbon added to the sides of the flake must diffuse through the layer 
of solid austenite. Thus we see that most of the growth must occur at 
one end of the flake, the end that projects out into the remaining liquid. 
Under such conditions the growth is dependent on two factors; the rate 
of solidification and the rate at which graphite becomes available. It 
is not hard to imagine a combination of these factors favorable to the 
formation of flakes of maximum size. 

The number of flakes formed in a rosette depends on the rate at which 
new centers of graphitization spring up along the advancing front of 
solidification. The carbide in the liquid surrounding the rosette shown 
in Fig. 26 was eager to graphitize. Before the flakes shown here could 
grow to any extent, new centers of graphitization usurped their supply 
of carbon. The amount of graphite formed during the quench is evidence 
of this strong tendency for carbide dissociation. In the case of Fig. 49 
the urge to graphitize was less intense. With the same rate of cooling, 
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fewer graphite nuclei formed and each nucleus had a better chance to 
grow. As a result normal graphite flakes were produced. 

In a case where the stability of the carbide is increased still more, the 
growth of the flakes lags behind the advancing front of solidification. 
The flakes are pinched off, so to speak, by the freezing up of the metal and 
as a result small flakes are formed. Such cases are approaching graphiti- 
zation in the solid state, and the fine graphite so produced differs in 
appearance from that formed by rapid graphitization, as will be illus- 
trated later. Between the two extremes of very rapid and very slow 
carbide dissociation, a great range of flake sizes may be produced with 
the same rate of cooling. Somewhere in this series the flakes will have 
a maximum size. 

The series of structures produced by gradually raising the sulphur 
content of the iron-carbon-silicon alloys forms the basis for the views 
outlined above. These are synthetic alloys, produced under laboratory 
conditions, and it would be unwise to attempt to interpret commercial 
cast iron in the light of their behavior alone. For this reason an 
effort was made to study commercial cast iron from the standpoint of 
rate of graphitization. The problem might be stated in the form of 
two questions: 

1. Does the graphite flake size in ordinary cast iron depend on the 
stability of the eutectic carbide? 

2. If so, why does the carbide stability vary without any significant 
change in common analysis? 

It cannot be denied that the flake size in foundry iron does vary with- 
out any marked change in analysis or rate of cooling. The practice of 
superheating makes use of this fact. Another example is Norbury^s^ 
process of adding titanium and blowing carbon dioxide through the 
molten metal. Fig. 52 shows a structure produced by Norbury’s method. 
It consists of a mixture of normal flakes and very fine particles of graphite, 
the matrix being about half pearlite and half ferrite. Such a structure 
bears some resemblance to the iron-carbon-silicon alloys (compare Fig. 52 
with Fig. 29) and the question arises as to whether the fine graphite in 
Fig. 52 is due to rapid graphitization. A direct comparison might be 
made by quenching samples under the same experimental conditions 
used previously. 

It was found that when the metal shown in Fig. 52 was remelted and 
slow cooled in the Globar furnace it reverted back to a normal structure, 
the fine graphite disappearing completely. This could hardly be due to 
a faster rate of cooling in the original casting because Fig. 52 was taken 
from the center of a cylinder 3 in. in diameter and 6 in. high, cast in green 
sand. A number of ''modified'^ cast irons were remelted in the same 
manner and all, without exception, reverted to a normal structure. Obvi- 
ously, the freezing of such modified^' samples cannot be studied by 
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means of quenching experiments because the “modified” structure does 
not survive remelting. Thus an interesting difference exists between 
“modified ” cast iron and alloys of iron, carbon and silicon. In the latter 
the fine graphite structure is inherent and reappears each time on repeated 
meltings and freezings. 

Such a structure might be looked upon as normal for alloys of iron, 
carbon and silicon. Hanson®, working with alloys of high purity, 
observed structures closely resembling Fig. 19 in material of similar car- 
bon and silicon content. If we accept this structure as normal, we are 
forced to consider cast iron as something more than a ternary alloy. The 



Fig. 52. — Cast ikon modified bt Nobbvrt’s peocbsb. Etched in HNOj. X 20. 

C, 3.47 per cent; Si, 2.25, S, 0.028; Mn, 0.68; P, 0.157 per cent. 0.2 per cent 
titanium added in furnace. Metal blown with CO 2 for 1 min. in ladle. Poured at 
2600° F. 

influence of manganese and sulphur on the ternary alloys suggests that 
these elements may be basic constituents of cast iron. By simply adding 
manganese and sulphur to a highly “dendritic” alloy we obtain a per- 
fectly normal cast-iron structure. Examples of this will be shown later. 
Conversely, it might be possible to convert a normal cast iron into a highly 
“dendritic” alloy by removing its manganese and sulphur. The mecha- 
nism of “modification” is not confined to any such principle because cast 
iron may be “modified” without losing either manganese or sulphur. It 
should be emphasized here that we are discussing the ranges of carbon, 
silicon, manganese and sulphur found in common gray foundry iron. 




178 


THE FREEZING OP CAST IRON 


Assuming that the size of the graphite flakes in gray iron is governed by 
the stability of the carbide, it is still impossible to interpret this variation 
in stability in terms of the usual variations in manganese and sulphur. 
Some other factor must be considered. 

Two general methods of approach have been made to this problem. 
The first involves the idea of supercooling of the melt due to the absence 
of certain inclusions which initiate freezing. Supercooling would natu- 
rally produce fine graphite like that shown at A in Fig. 52. The part 
shown at B contains normal flakes and therefore, if we credit this theory, 
did not supercool. It is difficult to understand how two such postulated 
conditions could exist side by side. “Modified^' structures, produced by 
bubbling gases through molten cast iron, are generally characterized by 
irregular spots of fine graphite mixed with regions containing normal 
graphite flakes. That irregular spots should differ in composition seems 
more reasonable than that they should differ in supercooling. An idea 
based on composition calls for the presence of some material not shown 
by ordinary analysis, which is the second method of approaching the 
problem of “modification.^^ 

Preparation op “ Oxygen-free^' Cast Iron 

Oxygen has been suggested as a possible cause of the irregular behavior 
of cast iron by many writers. Gillette has abstracted much of the 
literature on this subject and the interested reader is referred to his 
bibliography. The effect of oxygen might be studied in the laboratory 
if a way could be found to remove it completely from the molten metal. 
“Deoxidation” in the usual steelmaking- sense would not mean much 
where inclusions are a possible cause of abnormal behavior. Deoxidation 
by melting in an atmosphere of hydrogen is one way of approaching 
the problem. 

The equipment at Battelle Memorial Institute includes a furnace built 
especially for melting steels under various gases of high purity. It con- 
sists essentially of a high-frequency induction furnace covered with a 
metal dome, fitted with observation windows and means for manipulating 
the crucible cover from the outside. Auxiliary apparatus is provided for 
the purification and storage of gases. Many low-carbon steels have been 
prepared in this furnace under an atmosphere of hydrogen on which 
vacuum-fusion analyses have been made at the University of Michigan. 
The oxygen percentages reported are in the fourth place of decimals. 

A melt of synthetic cast iron was prepared in this furnace under hydro- 
gen, using the technique developed in the melting of the steels. The 
charge was made up of disks of 20-gauge sheet steel which had been 
annealed in hydrogen for 72 hr. at 1900° F. This steel had the following 
analysis before fusion: C, 0.02 per cent; Mn, 0.13; P, 0.020; S, 0.040; 
0, 0.0089; N, 0,0088. It was placed in a clean magnesia crucible with a 
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quantity of graphite and melted down under hydrogen which had been 
carefully purified and dried. The resulting high-carbon alloy was held 
for one hour at 2850° F. At this stage an addition of silicon carbide was 
made by means of a tilting scoop manipulated from the outside. The 
idea here was to remove the oxygen from the iron-carbon alloy before the 
silicon went into it. Absorption of the silicon carbide was very rapid 
and the resulting alloy was held another hour under hydrogen at 2850° F., 
after which the power was cut off and the melt allowed to freeze in 
the crucible. 



The maximum temperature reached by this melt was determined as 
follows. A platinum-platinum rhodium thermocouple in a silica protec- 
tion tube was arranged so that it could be manipulated from the outside 
of the furnace through an airtight connection. During melting an optical 
pyrometer was sighted through a small hole in the graphite cover of the 
crucible. Soon after cooling started the thermocouple, which had been 
carefully preheated, was introduced into the molten metal and simul- 
taneous readings were taken with thermocouple and optical pyrometer. 
The optical readings were favored by the fact that the top surface of the 
metal was perfectly clean. Over the temperature range from 2800° to 
2200° F., the optical pyrometer read from 470° to 340° F. lower than the 
thermocouple. (This difference includes the error due to emissivity, 
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Fig 54. — Alloy No. 4, Made under hydrogen. Held one hour at 2850° F. 
AND slow-cooled. EtCHED IN HNO3. X 100. 


C, 2.70 per cent; Si, 1.67; S, 0.031; Mn, 0.08; P, 0.02. 

Fig. 55. — Same metal as in Fig. 54. Remelted in hydrogen and held 10 minutes 
AT 2500° F. Etched in HNO 3 . X 100. 
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absorption by the furnace window and reflection from a Stellite mirror 
at 45° incidence.) By extrapolation of the curves plotted from the two 
sets of readings, the highest temperature reached was estimated at 
2850° F. All the thermocouple readings are shown plotted in Fig. 53. 

The resulting ingot of synthetic cast iron (alloy No. 4) was 21-^ in. in 
diameter by 3 in. high and weighed about four pounds. It had the fol- 
lowing analysis: T.C., 2.70; Si, 1.67; Mn, 0.08; S, 0.031; P, 0.020. The 
ingot was white all the way through and had the usual structure of white 
iron. Fig. 54 shows a typical spot consisting of pearlite and eutectic 
carbide. The outer surface of the melt for a depth of about of an 
inch was graphitized and showed a structure like Fig. 55. In view of its 
composition and rate of cooling, the beha\dor of the alloy in freezing white 
is rather unusual. It is comparable in composition and rate of cooling 
to sample No. 46, which had the structure of a normal gray iron (Fig. 42). 
Something happened to the alloy made under hydrogen, which caused a 
great increase in the stability of its carbide. 

From the standpoint of composition we might attribute the increased 
stability either to a loss in oxygen or a gain in hydrogen. The metal was 
superheated under hydrogen during the continuous stirring of induction 
melting, a thing that would favor both causes. A possible way of study- 
ing the question would be by remelting the white iron in vacuo. Vacuum 
fusion, in the presence of carbon, will remove oxygen from ferrous metals 
along with other gases present in them. Remelting the white iron in 
vacuo could hardly raise its oxygen content, but it would surely lower the 
amount of hydrogen present. If the carbide stability is due to a lack of 
oxygen the metal should remain white after vacuum fusion followed by 
cooling at the same rate employed in the hydrogen furnace. On the other 
hand, if hydrogen is a cause of carbide stability, vacuum fusion should 
promote graphitization by removing hydrogen. 

All this is based on the assumption that the crucible material used is 
not reduced by the melt. The work of Reeve® on the fractional vacuum- 
fusion method of analysis has shown that the oxides of iron, manganese 
and silicon are reduced by carbon in vacuo at temperatures below 1300° C. 
(2370° F.) . On a known sample the typical results are as given in Table 5. 

A sample of cast iron melted and held in vacuo at a temperature of 
2500° F. (1370° C.) should lose most of its oxygen present as FeO, MnO 


Table 5. — Reduction in Vacuo 


Oxide 

Temperature of 
Reduction, Deg. C. 

Yield of Oxygen as 
! CO, Per Cent 

Iron oxide 

1000-1050 

97.3 

IVT fl.n o’ft.n mi R oxide 

1150 

86.9 

Silica 

1300 

100.0 

Alumiiia 

1550-1600 

75.0 
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Fig. 56. — Same metal as in Fig. 54. Kemeltbd in nitrogen and held 10 minutes 
AT 2500° F. Etched in HNO3. X 100. 

Fig. 57. — Same metal as in Fig. 54. Remelted in vacuo and held one hour at 
2500° F. Etched in HNO3. X 100. 


and Si02. The crucible might conveniently be made of AI2O3, which is 
not reduced until 2825° F. (1550° C.) is reached. Reeve also found that 
hydrogen was given off in the fractions below 2500° F. On the basis of 
this work a number of vacuum melts were made on alloy No. 4. 

Pieces weighing 50 grams were melted in three types of crucibles: 
graphite, alundum and fire clay. The same Globar furnace was used in 
order that these melts might be comparable to previous work done at 
atmospheric pressure. By fitting water-cooled stoppers to the furnace 
tube, it was possible to hold the pressure well below 1 mm. of mercury at 
2500° F. According to Vacher and Jordan^, a pressure of 2 mm. of 
mercury is sufldciently low to permit a reduction of the oxides. Pressures 
of this order will also remove hydrogen and nitrogen. 

Effect of Vacuum Melting on Alloy No. 4 

Fig. 57 shows the structure produced by remelting the white iron in 
vacuo in an alundum crucible and holding one hour at 2500° F. It consists 
of pearlite and ferrite with much fine graphite and a few normal flakes. 
Brinell hardness has dropped from 415 to 140. The cooling rate over the 
range from 2400° to 2000° F. is comparable to that of the original melt. 
(Compare Fig. 17 with Fig. 53.) The difference in the structures shown 
in Figs. 54 and 57 must be an effect of vacuum melting alone. Melting 
the white iron in a clay crucible and holding in vacuo for 10 min. at 2500° 
produced a structure identical to Fig. 57. Melting in graphite and hold- 
ing one hour at 2500° F. also had the same effect on the structure. This 
melt, of course, was saturated with carbon at 2500° F. and became hyper- 
eutectic. It contained, in the upper part of the melt, large flakes of 
''kish^^ which had floated to the top during cooling. The lower third 
was of eutectic composition and consisted of very fine particles of graphite 
in a matrix of ferrite and pearlite. The Brinell hardness of the eutectic 
portion was 160. All three melts gave evidence of a vigorous evolution 
of gas because small metal shot were found in the bottom of the furnace 
after each run. 

Both vacuum fusion and melting in hydrogen are deoxidizing processes. 
It is hard to explain the change in structure of this alloy from the stand- 
point of oxygen content. From the conditions under which the alloy was 
made, it seems more likely that the element involved is hydrogen. The 
conclusion naturally follows that hydrogen is able to stabilize the carbide 
in cast iron. When considered in connection with the effect of carbide 
stability on the graphite flake size, such an idea offers interesting possibili- 
ties. There is no harm in following up a thing of this kind, provided we 
keep clearly in mind the fact that it rests upon limited circumstantial 
evidence. The work described below is concerned with the effects 
produced by melting cast iron under reduced pressure and remelting it in 
hydrogen gas. On the basis of such evidence an attempt is made to 
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Fig. 58.— Sample No. 73. Melted in vacuo. Beinell hardness 120. 
Fig. 59. — Sample No. 77. Melted in air at pressure of 100 mm. mercury. 
Brinell hardness 125. 

Both etched in HNO 3 . X 20, 
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interpret the structural changes in terms of the hydrogen content of the 
metal. Two basic assumptions are involved: 

1. The size of the graphite flakes in cast iron is influenced by the 
stability of the eutectic carbide. 

2. Hydrogen increases the stability of the carbide in cast iron. 

The first idea has already been discussed in connection with the mecha- 
nism of freezing and the effect of sulphur on alloys of iron, carbon and 
silicon. The second idea is suggested by the behavior of alloy No. 4, 
which froze white after superheating under hydrogen. 

Effect of Vacuum Melting on Normal Cast Iron 

A cast iron of the following analysis (iron No. 228) was selected: C, 
3.70 per cent; Si, 2.24; S, 0.028; Mn, 0.68; P, 0.157. 

Samples weighing 50 grams were melted and slow-cooled in the Globar 
furnace, using the standard heating and cooling cycle. 

Sample No. 73. Melted in a clay crucible in vacuo. Held 10 min. 
at 2500° F. Fig. 58 shows the resulting structure. The graphite is so 
fine that individual particles are not visible at this magnification. The 
matrix is ferrite with some scattered patches of pearlite. Melting in 
graphite and in alundum and holding one hour in vacuo at 2500° F. gave 
structures exactly like Fig. 58. 

Sample No. 77. Melted in a clay crucible in air at a pressure of 100 
mm. of mercury. Held 10 min. at 2500° F. There is a marked increase 
in the size of the graphite flakes (Fig. 59). The matrix is the same as 
in Fig. 58. 

Sample No. 78. Melted in a clay crucible in air at a pressure of 
200 mm. of mercury. Held 10 min. at 2500° F. The graphite flakes have 
increased still more in size. (Compare Fig. 60 with Fig. 59.) Pearlite 
occurs in the boundaries of the cell structure. 

Sample No. 79. Melted in a clay crucible in air at a pressure of 
400 mm. of mercury. Held 10 min. at 2500° F. Both the size of the 
graphite flakes and the amount of pearlite have increased (Fig. 61). 

Sample No. 74. Melted in a clay crucible in air at atmospheric 
pressure. Held 10 min. at 2500° F. The size of the flakes has increased 
still more (Fig. 62). The matrix is ferrite and pearlite. 

The gradual change in structure exhibited in this series of melts may 
reasonably be attributed to the gradual removal of some gas from the 
molten metal. Three gaseous elements are usually present in ordinary 
cast iron: oxygen, nitrogen and hydrogen. Changes produced by melting 
at reduced pressure may be due to a loss of one or more of these elements. 
Remelting samples of the modified metal in each of these gases would test 
the reversibility of the change and throw some light on the matter. The 
first gas tried was hydrogen. 



186 


THE FREEZING OP CAST IRON 


60 


61 


Fig. 60. — Sample No. 78. Melted in air at pressure op 200 mm. mercury. 
Brinell hardness 127. 

Fig. 61. — Sample No. 79. Melted in air at pressure of 400 mm. mercury. 
Brinell hardness 132. 

Both etched in HNOs. X 20. 
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A number of modified samples were prepared by melting the normal 
cast iron (No. 228) in vacuo. These same pieces were remelted in 
hydrogen which had been carefully purified and dried. The Globar 
furnace was used and the standard heating and cooling cycle was main- 
tained. Alundum crucibles were used for all the melts under hydrogen. 

Sample No. 87. Melted in vacuo and held 10 min. at 2500® F. (The 
resulting structure was identical to Fig. 58.) Eemelted in hydrogen 
and held one hour at 2200® F. Melting in hydrogen has produced an 



Fig. 62. — Sample No. 74. Melted in air at atmospheric pressure. Etched 
IN HNO 3 . X 20. Brinell hardness 107. 


enormous increase in the size of the graphite flakes. (Compare Fig. 63 
with Fig. 58.) They are larger than those in Fig. 62 and the amount of 
pearlite has also increased. 

Sample No. 88. Melted in vacuo and held 10 min. at 2500® F. (The 
resulting structure was identical to Fig. 58.) Remelted in hydrogen and 
held one hour at 2300® F. Fig. 64 shows the result, which resembles Fig. 
63 except that the graphite flakes are still larger. 

Sample No. 89. Melted in vacuo and held 10 min, at 2500° F. (The 
resulting structure was identical to Fig. 58.) Remelted in hydrogen and 
held one hour at 2400® F. The amount of pearlite has increased but the 
graphite flakes are smaller than those in sample No. 88. (Compare 
Fig. 65 with Fig. 64.) 
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Fig. 63. — Sample No. 87. JiIblted in hydrogen and held one hour at 2200° F. 

Brinell hardness 96. 

Fig. 64. — Sample No. 88. Melted in hydrogen and held one hour at 2300° F. 

Brinell hardness 98. 

Both etched in HNO3. X 20. 
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Fig. 65. — Sample No. 89. Melted in hydrogen and held one hour at 2400° F. 

Brinell hardness 130. 

Fig. 66. — Sample No. 82. Melted in hydrogen and held one hour at 2500° F. 

Brinell hardness 137. 

Both etched in HNO 3 . X 20. 
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Fig. 67. — Same metal as in Fig. 64 remelted in vacuo. 

Fig. 68. — Same metal as in Fig. 67 rbmelted in hydrogen and held one hour i 

2300° F 

Both etched in HNO 3 . X 20. 
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Fig. 69. — Same metal as in Fig. 68 remeltbd in vacuo. 

Fig. 70. — Same metal shown in Fig. 69 remelted in hydrogen and held one hour 

AT 2300® F. 

Final analysis: C, 3.09 per cent; Si, 2.16; S, 0.014; Mn, 0.04. 

Both Figs. 69 and 70, etched in HNO3. X 20. 
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Sample No. 82. Melted in vacuo and held 10 min. at 2500° F. (The 
resulting structure was identical to Fig. 58.) Remelted in hydrogen 
and held one hour at 2500° F. Fig. 66 shows the resulting structure. 
The size of the graphite flakes has decreased greatly. (Compare with 
Fig. 65.) Only a few traces of ferrite occur in the matrix. 

In order to check the reversibility of the change produced by vacuum 
melting and melting in hydrogen, the following experiment was carried 
out. The same metal shown in Fig. 64 was remelted in vacuo and held 
one hour at 2500° F. in an alundum crucible, with the result shown in 
Fig. 67. Carbon has been lost in melting and primary dendrites are now 
becoming prominent. The matrix is ferrite containing fine graphite and 
rosettes of graphite flakes. 

The same piece of metal was again remelted in hydrogen and held one 
hour at 2300° F., with the result shown in Fig. 68. A complete restora- 
tion has taken place. (Compare Fig. 68 with Fig. 64.) 

The same metal was remelted in vacuo and held one hour at 2500° F. 
Fig. 69 shows the resulting structure. More carbon has been lost and 
consequently more primary dendrites have formed. The matrix is 
ferrite containing very fine graphite. 

The same metal was finally remelted in hydrogen and held one hour 
at 2300° F., with the result shown in Fig. 70. A reversion to the original 
structure has taken place. Notice how the primary dendrites have 
restricted the growth of the graphite flakes in Fig. 70. 

Apparently this reversal of structure could be repeated as often as 
desired. There is, of course, a change in analysis caused by the repeated 
meltings but a complete reversal of structure cannot be attributed to any 
such gradual change in composition. It seems more likely that the effect 
is due to the introduction and removal of hydrogen. 

The structure shown in Fig. 58 is identical to the part marked A in 
Fig. 52. It will be recalled that this modified cast iron reverted to 
normal on remelting. The portion B in Fig. 52 is identical to Fig. 62, 
a normal cast iron. If the metal shown in Fig. 58 is remelted in air or in 
commercial nitrogen, it becomes exactly like Fig. 62. This was checked 
on numerous samples. It has just been shown that melting in pure 
hydrogen produces the same effect. The question arises as to whether 
air or nitrogen would be able to produce this change if no hydrogen were 
available in the furnace atmosphere. Samples of the normal cast iron 
(No. 228) which had been modified by vacuum fusion were remelted in air, 
which had been dried, and in purified nitrogen. It was found that the 
extent to which the modified structure was retained depended on the 
care taken in drying the gases. The graphite flake size in the various 
melts ranged from that shown in Fig. 59 to that in Fig. 61. Graphite of 
the finest size was obtained with the following procedure. 
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Sample No, 109. A volume of air was stored in contact with mag- 
nesium perchlorate for about 15 hr. The melt was brought up to 2400"" F. 
under vacuum with continuous pumping. At this temperature the dry 
air was let in and the furnace was heated to 2500° F., held 10 min. and 
slowly cooled as usual. The resulting structure is shown in Fig. 71. The 
graphite is not as fine as that produced by vacuum melting but it is 
decidedly modified (compare with Fig. 58). 

Sample No, 108. The procedure described above was repeated with 
nitrogen from the same tank used in all previous work. The gas was 
purified by bubbling through sulphuric acid, passing over copper turnings 
held at 1600° F. and finally through calcium chloride and magnesium 
perchlorate. It was then stored in contact with the dr 3 ring agent for 
about 24 hr. Fig. 72 shows the structure obtained by melting in the 
purified gas. 

The results indicate that the changes produced by melting modified 
cast iron in air and in nitrogen are due to the absorption of hydrogen from 
water vapor in the furnace atmosphere. They also indicate that neither 
nitrogen nor oxygen is able to produce a change in the size of the graphite 
flakes. It is thus possible to interpret the series of structures shown 
from Figs. 58 to 66 in terms of hydrogen content. 

The solubility of hydrogen in pure iron increases with increasing tem- 
perature. Bardenheuer® claims the same thing is true for cast iron. On 
this assumption a series of melts made under hydrogen at increasing 
temperatures should contain increasing amounts of the gas. The same 
cast iron melted under reduced pressure should contain an amount of 
hydrogen which decreases as the pressure becomes lower. Thus we may 
form a continuous series of hydrogen contents varying from the lowest, 
shown in Fig. 58, to the highest, shown in Fig. 66. The effect on the 
graphite flakes is at once seen to be similar to that of sulphur on the 
iron-carbon-silicon alloys. The flakes increase in size with increasing 
hydrogen content up to a maximum, after which they become smaller 
again. Such an effect is in agreement with the postulate that hydrogen 
increases the stability of the carbide in cast iron. 

It will be recalled that the alloys of iron, carbon and silicon differed 
from modified cast iron in that they were not changed by melting in 
nitrogen or in air. The response of these alloys to vacuum melting and 
melting in hydrogen was therefore determined. Fig. 73 shows alloy 
No. 8 melted in vacuo in an alundum crucible and held one hour 
at 2500° F. There is no change in the structure (compare Fig. 73 with 
Fig. 29). Remelting in hydrogen gave the result shown in Fig. 74, which 
is a very odd type of structure. The rosettes in this specimen are about 
34 in. in actual diameter and only a part of one can be shown in the photo- 
graph. A marks the center at which freezing started and the cell bound- 
ary is located near B, (This was determined by heat-tinting.) The 
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Fig. 73. — Alloy No. 8 melted in vacuo. 

Fig. 74. — Same metal as in Fig. 73 remelted in hydrogen and held one hour at 

2500" F. 

Both etched in HNOj. X 20. 
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Fig. 75. — Allot No. 8 plus 0.09 per cent Mn and 0.032 per cent S melted . 

VACUO. 

Fig. 76. — Same metal as in Fig. 75 rembltbd in hydrogen and held one hour . 

2300® F. 

Both etched in HNO3. X 20. 
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portion around A is ferrite and fine graphite. Between A and B a ring 
of pearlite occurs in which graphite flakes are arranged in the form of a 
huge rosette. The cell boundary near B is again ferrite and fine graphite. 
It should be noted that the flakes in the huge rosette are no larger than 
those in the small rosettes of Fig. 73. 

A striking similarity exists between Fig. 67 and Fig. 73. The modi- 
fied cast iron closely resembles the iron-carbon-silicon alloy. Melting 
in hydrogen, however, produces entirely different results in the two cases 
as may be seen by comparing Fig. 68 with Fig. 74. The iron-carbon- 
silicon alloys do not respond to hydrogen in the same way as cast iron. 
It was found that this difference is due to the presence of manganese and 
sulphur, as illustrated by the following case. 

Sample No. 98. Alloy No. 8 plus 0.09 per cent Mn and 0.032 per 
cent S. Fig. 75 shows the result of melting in vacuo and holding one hour 
at 2500° F. The matrix is ferrite with a few traces of pearlite. All the 
graphite is extremely fine. Fig. 76 is the same alloy remelted in hydrogen 
and held one hour at 2300° F. The result is a normal cast-iron structure 
consisting of large graphite flakes in a matrix of ferrite and pearlite. 
(Compare Fig. 76 with Fig. 68.) The addition of manganese and sulphur 
has caused the iron-carbon-silicon alloy to respond to hydrogen in the 
same manner as cast iron. A comparison of Fig. 74 with Fig. 76 will 
illustrate the change produced by the addition of these elements. A 
systematic study of the effect of manganese, sulphur and hydrogen on 
alloys of iron, carbon and silicon is under way at present. All the melts 
examined so far have shown the same response as the one reported here. 
The effect varys with varying manganese and sulphur but sufficient data 
have not been collected to permit generalization. 

Influence of Hydrogen on Cast Iron 

On the basis of the experiments described above a hypothesis is pro- 
posed to explain the phenomenon of modification in cast iron. Three 
factors may be borne in mind: 

1. That cast iron is essentially an alloy of iron, carbon and silicon 
whose structure is profoundly altered by the presence of manganese, 
sulphur and hydrogen. 

2. That the type of structure called “normal” is due to the influence 
of the last three elements. 

3. That by varying the amounts of manganese, sulphur and hydrogen, 
a great variety of structures can be produced with the same rate of cooling. 

To illustrate the effect of varying the hydrogen content the following 
examples are pointed out. Fig. 54 shows an alloy that froze white because 
it was saturated with hydrogen at 2850° F. This is a case of extreme 
carbide stability. Fig. 55 shows the same metal remelted in hydrogen 
at 2500^ F. The hydrogen content has dropped sufficiently to permit 
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graphitization and fine graphite has resulted from very slow carbide 
dissociation. Fig. 56 shows the same white iron remelted in nitrogen 
at 2500° F. The hydrogen content is still lower and the rate of graphiti- 
zation favored the formation of normal flakes. Fig. 57 is the same alloy 
melted in vacuo at 2500° F. Much hydrogen has been lost and fine 
graphite flakes were formed by rapid carbide dissociation. All these 
melts were cooled at substantially the same rate. 

The point to be emphasized here is that fine graphite may originate 
at both ends of the range, either by very slow or by very rapid graphitiza- 
tion. In considering the effects of hydrogen the influence of other ele- 
ments must of course be kept in mind. Raising the silicon in Fig. 54 
would doubtless have promoted graphitization. Lowering the sulphur 
would act likewise. Raising the manganese would influence the sulphur. 
Raising the carbon would influence the whole mechanism of freezing and 
segregation, with consequent effects on graphitization. Cast iron is a 
very complex alloy and it is doubtful whether its behavior is subject to 
interpretation in terms of any single factor, chemical or physical. The 
hydrogen hypothesis simply recognizes this element as one factor influenc- 
ing the behavior. 

By recognizing a gas as one of the basic constituents, we offer an 
immediate explanation for the response of cast iron to various furnace 
atinospheres. Assuming that the solubility of this gas is a function of 
temperature, many of the effects of superheating may be interpreted. 
(Fig. 55 resembles a low-carbon cast iron with too much superheating.) 
Assuming further that some of the hydrogen may be removed from the 
molten metal by bubbling or mechanical agitation, still another class of 
phenomena may be explained. Norbury’s process of blowing carbon 
dioxide through the metal simply sweeps out some of the hydrogen nor- 
mally present and produces the same effect as melting under reduced 
pressure. Blowing hydrogen through the modified metal restores the 
original 'condition, as is stated by Norbury^. The fact that this proc- 
ess works best on small ladles of metal is in line with such an explanation. 

No attempt is made here to explain how hydrogen causes an increase 
in carbide stability. In this study, the phenomenon of modification has 
been approached from the standpoint of composition only. The basic 
problem was that of determining what elements really constitute cast 
iron. A complete analysis of everything present would not solve this 
problem because we still have the question of deciding what is essential. 
The most direct method is synthetic. Starting with a base alloy of iron, 
carbon and silicon, it is required to find what elements are absolutely 
necessary to reproduce completely the structure and properties of cast 
iron. This is a very complex problem and the experiments reported 
above can hardly be considered a first approximation. In conclusion, it 
is emphasized that the postulated action of hydrogen rests upon very 



ALFRED BOYLES 


199 


limited circumstantial evidence. The hypothesis is offered simply as a 
possible explanation of why the graphite flakes in cast iron vary so widely 
without apparent cause. Any study of the mechanism of freezing must 
involve a consideration of this problem. 
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DISCUSSION 

{James T. MacKenzie presiding) 

B. C. Burgess,* Spruce Pine, N. C. — Has the coarseness or fineness of the phos- 
phite network any connection with the course taken or the grain size of the cast iron? 

A. Boyles. — As to the coarseness of the network — what I call the cell structure — 
I could not find anything systematic in that. For example, the dendrites are always 
the same size with the same rate of cooling, but the cells seem to vary widely. I do 
not think there is any relationship between the cells and austenitic grain size, using 
that term as it is applied to steel. This cell structure originates in the freezing and 
seems to be a result of selective solidification. 

R. M. Allen, t Bloomfield, N. J. — Did you find in your studies at higher magnifica- 
tions that the graphite precipitated out of the dendrites? In practically all of my 
work — of course, I did nothing in chilling from the liquid state but chilling from as 
near the temperature of solidification as possible — I have never found that the graphite 
precipitated out anywhere else but in the dendrites. That is one question. 

Fig. 77 is one of the primary dendrites, with secondary dendritic structure, and the 
graphite is present, within the dendrites. 

Did you notice any unusual constituents such as occur in Fig. 78 in the ledeburite 
structure, which, of course, is breaking down to a pearlite? Is there a decided difference 
between the material enclosed within the dendrite? This is really a part of the den- 
drite. I think that the solution of many of our problems lies in a study of what is 
actually present in these constituents. 

Have you ever noticed, in the primary precipitation of the graphite within the 
pearlitic structure, whether it was coming out in such extremely fine grains as are seen 


* Manager, Tennessee Mineral Products Corporation, 
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in Fig. 79? That, of course, is a very high magnification, and to my way of thinking 
it represents one of the earliest evidences of the precipitation of graphite. 

Is the ledeburite structure that is seen almost to perfection in Fig. 80, between 
the primary dendrites, fairly typical, or have you frequently found that that ledeburite 



Fig. 77. — Graphite precipitation in primary dendrite. 

Fig. 78. — Detail structure op ledeburite. 

Fig. 79. — Early stage of graphite precipitation. 

Fig. 80. — ^Ledeburite eutectic in chilled iron. 

Original magnifications as follows: Fig. 77, X 1750; Fig. 78, X 2000; Fig. 79, X 2000; 
Fig. 80, X 200; reduced K in reproduction. 

structure was suppressed for one reason or another? That has been a question that 
has been of considerable interest to me because I have found instances where the 
ledeburite structure was completely suppressed, and other cases where it is developed 
as in this picture. 

Have you studied the nature of the graphite flakes themselves? Fig. 81 shows a 
single graphite flake at a very high magnification, nearly 5000, showing, in my estima- 
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tion, that the graphite is made up of many small, more or less irregularly placed flakes, 
and that apparently they float into the larger flake and are amalgamated without 
losing their identity. It would be interesting to know whether that is actually the 
case when the irons are frozen from the liquid state. 

A. Boyles. — The specimens were studied at high magnification, mainly wuth a 
view to finding the effect of inclusions and that sort of thing. As nearly as I could 
tell the flakes are confined to the fillings of the primary dendrites. That was in alloys 
of about 2 per cent silicon. 



Fig. 81. — Single graphite flake in gray iron. 
Original magnification 4500; reduced hi reproduction. 


I have not studied white irons, and I do not believe you can compare white iron 
with a gray iron that has been quenched from the Hquid state, either with regard to 
graphite or the structure of the carbide. 

J. T. Mackenzie, * Birmingham, Ala. — The dendrites that you speak of, I take it, 
are not the dendrites Mr. Allen speaks of. 

A. Boyles. — Not necessarily. 

R. H. SwEETSERjt New York, N. Y. — Are you sure that the crystal in Fig. 81 was 
entirely carbon? Was it 100 per cent carbon? 

R. M. Allen. — A s far as I know, it was. 


* Metallurgist and Chief Chemist, Americon Cast Iron Pipe Co. 
t Consulting Engineer. 
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R. H. SwEBTSER. — Because we had some large graphite crystals that we caught 
as kish, and we were surprised to find that instead of being all graphite they had about 
12 per cent silicon, so that we could not use the kish as a lubricant.* 

J. T. Mackenzie. — Was any other substance present? 

R. H. SwEETSER. — That is all that we determined, the carbon and the silicon. 

Member. — Was it silica or silicon? 

R. H. SwEETSER. — Silicon. 

H. A. Schwartz,! Cleveland, Ohio (written discussion). — Starting with an admis- 
sion of a ^'hereditary” characteristic in regard to graphite form in cast iron, Boyles 
has evolved a new and ingenious explanation for the formation of rosettes of graphite 
and a demonstration that the vagaries of carbide stability required in that explanation 
in order to explain changes in graphite morphology may be associated with the pres- 
ence of hydrogen in cast iron. There seems to be no well organized attempt to show 
any "heredity” of hydrogen content under melting conditions as diverse as may be 
possible while still preserving the "heredity” with regard to graphite characteristics. 

The author has modestly and wisely disclaimed any thought that his work forms a 
complete elucidation of the problem. This commentator suggests that logically the 
next step for Boyles or others who may wish to pursue the train of thought set up in 
the paper is a correlation of hydrogen content with melting stock and melting methods. 
Direct combustion methods for hydrogen in cast iron should place such an investiga- 
tion within the scope of a laboratory interested in the subject. 

Many previously unrelated facts come to one’s mind which may well be explained 
by the hydrogen theory. This creates encouragement for exploring the ideas of the 
paper most fully and sympathetically. The apparently rather convincing demonstra- 
tion that graphite "nuclei,” whatever they may prove to be, come out in the eutectic 
filler material and that all graphite formation occurs during the process of eutectic 
freezing, is most stimulating. The latter feature was explored by Coppersmith, in 
the writer’s laboratory, a year ago with results entirely in harmony with Boyles’ 
more rigorous experiments. 

The explanation of rosettes of graphite, the "kekume structure” of the Japanese 
investigators, in terms of freezing rate and graphitizing rate is novel, ingenious and 
extremely interesting. It suggests to future experimenters that experiments should 
be planned mainly in the very slightly hypoeutectic regions. Since the hyper- 
eutectic alloys must begin to crystallize as cementite or graphite, apparently often 
the latter, it seems entirely plain that the results on such alloys can not be comparable 
with the results on hypoeutectic metal or with Boyles’ conceptions ofi the freez- 
ing process. 

A separation of the phenomena of the rate of formation of crystallization centers 
for graphite and their rate of growth, which together make up the "eagerness” of 
metal to graphitize, would seem highly important. 

One has not time in the interval between the preprinting and presentation of this 
paper to reflect upon all the implications of the author’s hypothesis. Some difficulties 
suggest themselves which may be capable of explanation on more detailed study. 
Boyles explains the limitation of length of an individual graphite flake by a "pinching 

* A sample of kish from a 150-ton mixer-type hot-metal ladle (March 1929) was 
found to contain — 29.27 per cent carbon; 10.31 per cent silicon; 45.70 per cent iron; 
1.22 per cent manganese; 13.50 per cent undetermined. 

t Manager of Research, National Malleable and Steel Castings Co. 

Schwartz: Graphitization during Freezing of Cast Iron. Min, and Met, (Sept. 
1936) 449. 
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off process due to freezing becoming more rapid than graphite crystallization. How 
does this happen? Evidently since the flakes originally grew there was in the begin- 
ning a condition in which the graphite flakes grew radially at least as rapidly as the 
^^austenitic(?)” sphere. If then there comes a time when the latter grows the faster, 
either the linear coefficient of crystal growth of graphite must have been retarded 
or the rate of freezing as measured by increase in radius must have been accelerated. 
Assuming that during eutectic freezing the iron, being at constant temperature, loses 
heat to a constant environment at constant rate, the amoimt of material solidifying 
per unit time should be constant and since the interface between solid and liquid con- 
stantly increases, the radial rate of growth of the spheroid should decrease, yet the 
hypothesis requires it to increase. 

Does the relative area of graphite and solid solution at the interface play a part? 
Since graphite crystallizes in plates of roughly constant thickness, there will come a 
time when the areas of solid solution on the sphere’s surface are larger in proportion 
to the areas of graphite than will permit the sphere to grow by deposition of equal 
thicknesses of graphite and “austenite(?).” New nuclei of graphite must then form 
or the graphite flake must grow outward beyond the solidified sphere or else perhaps 
the metastable eutectic may form. Evidently these are complexities to consider. 

Boyles’ work plainly bears directly on '^mottled” cast irons. It is a matter of 
common shop observation that irons that at proper pouring temperatures produce a 
graphite-free fracture will, when poured cold, have very fine mottles, whereas those 
that are mottled, because of silicon and carbon content, even at normal pouring tem- 
peratures have much larger mottles. It is usually thought that the size of such mottles 
increases and their number decreases with temperature and that at high temperature 
the phenomenon of ‘^inverse chill is encountered. 

One might go on correlating many observations with the ideas of the present paper 
but enough has probably now been said to indicate how thought provoking it is. The 
number of trains of ideas it suggests is probably the best proof of the value of the 
work reported. 

A. Boyles (written discussion). — The comments of Dr. Schwartz, who has done 
so much work on graphitization, are especially welcome. His discussion of the com- 
plexities involved in the formation of the rosettes omits one factor which, in the writer’s 
opinion, is very important; i.e., the fact that the freezing is selective and that the 
composition of the liquid along the solid-liquid interface is constantly changing. Such 
segregation is known to occur in phosphorus and sulphur, and it is likely that hydrogen, 
whose solubility decreases abruptly at the freezing point, is also involved. The rate 
of graphitization may vary with the change in composition. Some method of detect- 
ing the segregation of silicon would be of great value in this connection. 



Oxides in Basic Pig Iron and in Basic Open-hearth Steel 

By T. L. Joseph,* Membeb A.LM.E. 

(New York Meeting, February, 1937) 

The extent to which hot metal from the blast furnace affects open- 
hearth practice and the quality of steel produced has been discussed 
widely. Open-hearth operators have attributed difficulties experienced 
in making satisfactory steel to characteristics of the pig iron not disclosed 
by ordinary analysis. The commonest criticism of the iron has been that 
it is '^physically cold’^ or “dirty.’’ Often when the blast furnaces are 
working irregularly the quality of the iron is questioned. A cold hearth, 
slipping and hanging, the use in the past of unsintered flue dust, and the 
use of ores difficult to smelt have been associated with the production of 
iron of poor quality. 

The difficulty of the situation is that we have no proven yardstick 
for quality aside from ordinary analysis. Uniformity in analysis is 
recognized as being important, but the difficulty of changing the open- 
hearth practice when the iron analysis varies widely may not always be 
fully appreciated. Although the problem of correlating the characteris- 
tics of steel with those of pig iron is admittedly obscure, the effort of 
producers of quality steel to investigate all factors that may have a bear- 
ing on the final product is justified. 

This report contains data on the oxides in several hundred casts of 
basic iron produced in a furnace during the course of normal operation on 
Lake ores. Incidental to the study of the oxides in the iron, it was desir- 
able to follow closely the temperature of the iron. The effect of tempera- 
ture of the iron upon the silicon and sulphur present is discussed. A 
general relation between the basicity of the slag and the sulphur in the 
metal was developed. The amount and composition of oxides in the hot 
metal and in the steel bath during various intervals between melt-down 
and tap are discussed. Heats of rimmed steel, killed steel, and semikilled 
steel were investigated. The hot metal on individual heats was either 
all taken from a mixer or consisted partly of direct metal and partly of 
metal from the mixer. Samples of the iron for oxide determinations were 

Published by permission of the Director, U. S. Bureau of Mines. Manuscript 
received at the office of the Institute Nov. 21, 1936. 

* Formerly Supervising Engineer, Iron and Steel Section, Metallurgical Division, 
U. S. Bureau of Mines; now Professor of Metallurgy, University of Minnesota, 
Minneapolis, Minn. 
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taken from transfer ladles just before charging into the open hearth. All 
samples from the steel bath were taken in pairs. One was allowed to 
rim in the sample mold while the other was iilled with aluminum. The 
conclusions reached are summarized later in the paper. 

Tempekature Measurements of the Iron 

The temperature prevailing in the shaft as well as in the crucible 
has an important bearing upon the iron product. Emphasis was placed 
upon the temperature of the metal in the runner, as this appeared to 
offer a key to the over-all temperature effects. The effect of absolute 
and uniform tuyere temperatures, slag temperatures, and temperatures 
in the shaft is reflected in the temperature of the iron. Under proper 
atmospheric conditions and with proper emissivity corrections metal 
temperatures of iron in the ruimer can be followed satisfactorily with an 
optical pyrometer. Wensel and Roeser^ have taken simultaneous optical- 
pyrometer readings and observations with platinum to platinum-rhodium 
thermocouples on streams of iron. For true temperatures above 1375° C. 
or 2507° F. their work indicated an emissivity of approximately 0.4 for a 
stream of iron. This corresponds to a correction of 230° at 2552° F. 
and 284° at 2912° F. true temperature. A change in emissivity was 
observed below 2507° F., which is below the normal temperature of iron 
in the blast-furnace runner. In the present investigation the temperature 
of iron in the runner was measured with platinum to platinum-rhodium 
thermocouples, for several reasons. The temperature of the iron as 
tapped from a furnace varies during a single cast. A continuous record 
of the entire cast is necessary, therefore, to arrive at an average tempera- 
ture. While a large number of properly timed pyrometer readings is 
entirely feasible, an automatic, continuous record is preferable. Such a 
record eliminates the personal equation that would be a factor in observ- 
ing five daily casts on a furnace. Fumes and smoke in the cast house 
often make it diflScuIt to get satisfactory optical pyrometer readings. 

Temperature-measuring Equipment , — The temperature of the iron in 
the runner was obtained by a 24-in. platinum to platinum-rhodium 
thermocouple encased in a porcelain protection tube. The porcelain 
tube was placed in a 24 by 3-in. graphite electrode bored with a 1-in. drill. 
Compensating lead wires were used to connect the thermocouples with an 
indicating potentiometer or a recorder. Fig. 1 shows the holder for 
immersing the protected thermocouple in the stream of iron. The 3-in. 
graphite tube fits inside a 10-in. length of 3-in. pipe, which is held between 
two vertical steel strips spaced about 3 in. apart. The vertical steel 
strips are welded to a heavy steel baseplate. A dam of sand, visible 


1 References are at the end of the paper. 
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upon close examination of Fig. 1, was made just below the graphite tube. 
This dam was built to a height that provided immersion of 7 to 10 in. of 
the graphite protection tube. Toward the end of the cast, when the 



Fig. 1. — Device for holding noble metal thermocouple in blast-furnace 

RUNNER. 

stream was small, the dam of sand was broken so that the iron drained 
away from the graphite tube. 

Optical-pyrometer Readings under Black-body Conditions , — During 
preliminary work on measuring the temperature of the iron, the thermo- 
couple readings were checked against simultaneous optical-pyrometer 
observations obtained by sighting on the closed end of a second graphite 
tube immersed in the iron adjacent to the tube protecting the thermo- 
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couple. Fig. 2 shows a set of such simultaneous readings. The optical- 
pyrometer readings under black-body conditions averaged 12° F. lower 
than those obtained with the thermocouple. Similar observations were 
made on about 25 other casts. Toward the end of cast 2123, the flow 
of iron receded sharply, then increased, and fell off again. Eeadings 
taken during a slow flow of iron are low. Such low readings are due to a 
drop in the temperature of the iron and also to shallow immersion. When 
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Clock time 

Fig. 2. — Metal temperatures with noble metal thermocouples and with 

OPTICAL PYROMETER (bLACK-BODY CONDITIONS). 

a continuous temperature record of a cast is obtained with a recording 
instrument, such periods can be discarded in arriving at the average 
temperature of the cast. Observations on small or slow-flowing casts 
due to a small taphole or other causes are likely to be low. It is desirable, 
therefore, to have a record of the flow of iron and depth of immersion. 

Effect of Wall Thickness of Secondary Graphite Protection Tube upon 
Temperature Observations with Noble-metal Thermocouples, — primary 
porcelain tube encasing a noble-metal thermocouple and in turn protected 
by a thin-walled graphite tube undergoes a severe thermal shock when 
molten iron first comes in contact with the graphite. In following the 
temperature of several hundred consecutive casts, it was necessary to use 
a graphite tube with approximately 1-in. wall thickness to hold the cost of 
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protection tubes at a reasonable figure and to prevent the complete loss of 
thermocouples. Tests were made to determine the error introduced by 
conduction of heat away from the tip of a graphite tube with 1-in. walls 
when immersed 7 to 10 in. in the iron. 

Observations were made on two casts using two new noble-metal 
thermocouples. One thermocouple was encased in a 3-in. graphite tube 
with 1-in. wall thickness and the other one in a graphite tube 

with wall thickness. Both tubes were immersed in the iron to a 
depth of from 7 to 10 in. As shown in Fig. 3, cast 2903 was longer 
than cast 2907. Therefore the flow of iron in cast 2907 was somewhat 
more rapid. In cast 2903, the recorder did not respond quickly to tem- 
perature changes. The temperature observed by means of the indicating 
potentiometer on both thermocouples indicates a conduction error on the 
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Fig. 3. — Effect of wall thickness of secondary graphite protection tube upon 

OBSERVED iron TEMPERATURES IN THE BLAST-FURNACE RUNNER. 


order of 14° F. ; that is, the conduction of heat away from the tip of the 
large tube resulted in low readings. The readings with an optical pyrom- 
eter on cast 2903 averaged 6° F. below those obtained with the thermo- 
couple in the thin-walled graphite tube. Atmospheric conditions were 
favorable for optical readings during this cast. The metal flow in cast 
2907 was more rapid. The diameter of the large graphite tube had 
also been reduced above the level of the iron stream, owing to oxidation. 
Both factors reduced the conduction error. No claim is made for the 
accuracy indicated by the readings on this cast. 

Considering the two casts, the data indicate that the conduction error 
may range from a few degrees to 20° F., with an immersion of 7 to 10 in. 
and var3dng rates of iron flow. Since the correction is small and relative 
temperatures are of chief concern, no correction was made in the observed 
temperatures. Although conditions were not favorable ■ for optical- 
pyrometer readings during portions of these casts, particularly 2907, 
the agreement is fair. An emissivity factor of 0.4 was applied to the 
optical readings. 



T. L. JOSEPH 


209 


Care of Thermocouples, — Adequate protection of the thermocouples 
required that the primary protection tubes be inspected once each day. 
They were discarded as soon as any evidence of longitudinal cracks 
appeared. The thermocouples were inspected after use in about 10 casts 
and were annealed before being placed in service again. Whenever 
sections of new wire were welded into thermocouples, tests were made 
adjacent to the weld for parasitic currents. Rarely were they found to 
be off calibration by more than 10° to 12°. 

Sulphur and Silicon in Iron 

Relation between Sulphur and Silicon and Temperature of the Iron, — It 
is generally known that the silicon and sulphur in the iron are affected 



SBCOTIVE CASTS. 

by furnace temperatures. Normally, a rise in temperature of the slag 
and metal is accompanied by an increase in silicon and a decrease in 
sulphur. This relationship was borne out by temperature measurements 
on a large number of casts. While it usually held from cast to cast, it 
was more obvious during periods of gradual but persistent trends up or 
down in the temperature of the metal. This is illustrated in Fig. 4. 
The sulphur in the iron and the temperature of the iron are somewhat 
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more closely related than silicon content and temperature. The data 
indicate that the average relative temperature was followed closely by the 
thermocouple measurements. The period shown in Fig. 4 is not typical, 
as the silicon and sulphur normally fluctuated within rather narrow limits. 

A general relation between average silicon and average sulphur in the 
iron and average temperature of 452 casts is given in Fig. 5. Casts were 
grouped according to average temperature increments of 20® F. Average 
results from a fairly large number of casts show a very consistent relation- 
ship between the temperature of the metal and silicon and sulphur. 



Fig. 5. — Avbbage relation between temperature of metal and silicon and 

SULPHUR. 

Individual casts do not show any such agreement as indicated in Fig. 5, 
but when a group of casts is considered and other factors, such as the 
basicity of the slag, average approximately the same a definite relation 
exists. The silicon in the iron increased about 10 points (0.10 per cent) 
for each increase of 40® F. in the temperature of the metal. The tendency 
toward an S-shaped curve shows that below about 2575® C. the sulphur 
increases more rapidly as the temperature decreases. Similarly, the 
sulphur decreases more rapidly for temperatures above 2650® F. 

There was a comparatively small number of casts in the extremes of 
the temperature range. Therefore the positions of the extremes of the 
sulphur-temperature curve are not established as definitely as the position 
of the remainder of the curve. 

Close Control of Sulphur and Silicon Requires Close Control of Tempera- 
ture, — The upper curve in Fig. 5 shows the distribution of casts in the 
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various ranges of temperature. The average temperature of about 70 per 
cent of the 452 casts falls within the range of 2600'’ to 2640° F., and the 
average temperature of about 80 per cent of the casts falls within a tem- 
perature range of 2580° to 2640° F. These data show the necessity of 
close temperature control to hold the sulphur and silicon within narrow' 
limits. The figures given may not apply to other furnaces, but a similar 
study on other furnaces would show the most desirable temperature range 
for any given silicon and sulphur specifications. 



Fig. 6. — Relation between total acids in slag and sulphur in the metal. 

To control the temperature of such a large-scale operation closely 
requires uniform raw materials. The most difficult problem is to main- 
tain the same approach to uniformity with respect to gas distribution. 
If the gas distribution follows the same pattern the tendency will be 
towards uniform operation. The most effective means of more nearly 
attaining uniformity is through size preparation of raw materials. In 
general, changes in routine operation should be made as infrequently 
as possible. 

Effect of Total Acids in Slag upon Sulphur in Metal — The sulphur in 
the metal is a function of slag basicity as well as of temperature. Fig. 6 
and Table 1 show the effect of total acids in the slag upon the sulphur in 
the metal, with the silicon in the metal and the temperature of the metal 
fairly constant. As shown in Fig. 6, desulphurization improves more 
rapidly as the total acids decrease below about 50 per cent. With total 
acids between 50 and 52.5 per cent, slag basicity is less important, tern- 
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perature being the main controlling factor. As the total acids increase 
above 52.6 per cent the sulphur increases more rapidly. That the section 
of the curve is flatter in the intermediate total acid range is borne out by 
the similar S-shaped curve that shows the relation between total acids 
and the percentage of casts in each range that contained over 0.03 per cent 
sulphur. It should not be concluded from the curves in Fig. 6 that all 


Table 1 . — Effect of Total Acids in Slag on Sulphur 512 Casts 


Number 

of 

Casts 

Percentage 
of Total 
Casts® 

Range 
Total Acids, 
Per Cent 

Average 
Total Acids, 
Per Cent 

Average 
Sulphur, 
Per Cent 

Percentage 
of Casts* 
over 0.030 
Per Cent 
Sulphur 

Average 
Silicon, 
Per Cent 

Average 
Cast Tem- 
perature, 
Deg. F. 

12 

2.3 

47 to 49 

48.3 

0.0258 

0 

1.15 

2,608 

78 

15.2 

49 to 50 

49.4 

0.0272 

14 

1.10 

2,622 

156 

30.5 

50 to 51 

50.5 

0,0281 

18 

1.09 

2,616 

180 

36.2 

51 to 52 

51.4 

0.0283 

22 

1.10 

2,629 

60 

11.7 

52 to 53 

52.5 

0.0286 

24 

1.10 

2,619 

26 

5.1 

53-1- 

53.6 

0.0300 

46 

1.10 

2,617 


® Percentage of total casts in each range of total acids in the slag. 

^ Percentage of casts over 0.030 per cent sulphur in each range of total acids in 
the slag. 


that is required to produce iron in the 0.025 per cent sulphur range is to 
decrease the total acids to about 48 per cent. Loss of tonnage, higher 
fuel consumption, and more irregular operations are normally encountered 
to some degree in this range of total acids. 

Previous Work on Oxides in Pig Iron 

The amount of oxides and silicates in steel and pig iron is often 
expressed in terms of total oxygen, which refers primarily to oxygen 
combined in the form of oxides or silicates. The results of some previous 
work are summarized in Table 2. 

Eckman, Jordan, and Jominy^ determined the total oxygen on 12 
samples of charcoal iron for comparison with the oxygen content of coke 
iron. Thirty-gram samples were heated 1 hr. at 1450® to 1500® C. in a 
high-frequency vacuum furnace. The total oxygen, calculated from the 
weight of water, carbon monoxide, and carbon dioxide evolved, ranged 
from nil to 0.010 per cent, averaging 0.002 per cent for 12 samples of char- 
coal iron. Iron made with coke as a fuel ranged in total oxygen from nil 
to 0.014 per cent, averaging 0.005. In discussing this paper, McKenzie 
cited a highly oxidized cast iron that contained 0.018 per cent total 
oxygen by the vacuum-fusion method. 

Reeves® has reported a badly oxidized iron that contained, according 
to the fractional vacuum-fusion method, 0.047 per cent total oxygen. 
Most of the oxygen was evolved during treatment for the FeO and MnO 
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fractions, which indicates that MnO and FeO were far from equilibrium 
with the silicon and carbon in the sample. 

Oberhoffer and Piwowarsky* determined the total oxygen in coke 
iron, Swedish charcoal iron, and iron melted in a cupola. Ten-gram 
samples were heated 30 min. in a porcelain tube at 1200° C. under vacuum. 


Table 2. — Oxide Content of Pig Iron 


Investigator 

Type of Iron 

Method for Determining 
Oxides 

Range of Total 
Oxygen, 

Per Cent 

Average 
Total 
Oxygen, 
Per Cent 

Johnson 

Charcoal 

Hydrogen reduction 

0.009 to 0.065 

0.026 


Eckman, Jordan, 

Charcoal 

Vacuum fusion 

nil to 0,010 

0.002 

and Jominy. 

Coke 

Vacuum fusion 

nil to 0.014 

0.005 

Oberhoffer and Pi- 

Charcoal 

Vacuum fusion in porce- 

0.012 to 0.033 

0.023 

wowarsky. 

Charcoal 

lain tube 

Vacuum fusion in porce- 


0.015 


(white) 

lain tube 




Charcoal 

Vacuum fusion in porce- 


0.021 


(mottled) 

lain tube 




Charcoal 

Vacuum fusion in porce- 


0.028 


(gray) 

lain tube 




Coke 

Vacuum fusion in porce- 

0.012 to 0.036 

0.022 



lain tube 




Cupola 

Vacuum fusion in porce- 

0.021 to 0.047 

0.035 


melted 

lain tube 



Reeves 

Cast (badly 
oxidized) 

Fractional vacuum fu- 


0.047 

1 

sion 



Jordan 

Gray (badly 
oxidized) 

Vacuum fusion 


0.018 




Herty and Gaines . 

Basic 

Dickenson 

0.003 to 0.040 

0.011 


The total oxygen in the coke iron ranged from 0.012 to 0.036 per cent and 
averaged 0.022. Features of blast-furnace practice, such as blast tem- 
perature, burden, and t 3 q)e of slag produced, gave no indication of the 
cause for variations in the oxides in the iron. Swedish charcoal irons 
ranged from 0.012 to 0.036 and averaged 0.023 per cent total oxygen. 
White-charcoal irons studied averaged 0.015, mottled 0.021, and gray 
charcoal iron 0.028 per cent total oxygen, which shows an increase in 
oxygen as the silicon increased. Samples of iron that had been melted 
in a cupola ranged from 0.021 to 0.047 per cent in total oxygen with three 
high samples (0.056, 0.059 and 0.052 per cent) omitted. 
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Bardenheuer and Reinhardt^ in studying the influence of the smelting 
process on the crystallization and mechanical properties of gray cast iron, 
have reported 0.002 to 0.008 per cent oxygen on samples of gray iron 
superheated under slags high in ferrous oxide. 

Herty and Gaines® investigated the oxides in basic pig iron and their 
elimination in the basic open-hearth furnace. The silicates in 26 casts 
of iron, as determined by the Dickenson method, ranged from a trace to 
0.137 and averaged 0.025 per cent total silicates. From the average 
analysis of the silicates this is equivalent to 0.011 per cent total oxygen. 

Oxides in Basic Pig Iron 

The difficulties encountered in investigating the oxides in pig iron are 
partly responsible for the scarcity of data on the subject. Substantial 
progress has been made in developing methods for determining the amount 
of nonmetallic matter in steel, but the results achieved by investigators 
using the same or different methods may vary considerably. The inclu- 
sions are present in small concentrations, and the amount of sample that 
can be used in some methods is limited. Since the inclusions are not in 
solution but are held mechanically, segregation may lead to sporadic 
results . Pig iron offers even greater difficulties than steel and has received 
less study. The difficulties and limitations of the problem are recognized 
in presenting the data reported herein. 

Method Used for Determining Oxides, — ^The electrolytic method was 
selected, for several reasons. Comparatively large samples are used in 
the extraction, the composition of the residue can be determined, and a 
large number of samples can be analyzed fairly rapidly and at compara- 
tively small cost. The method has been used successfully in determining 
the oxides in steel and, with certain precautions, is adaptable to pig iron. 
A description of the method is given in the Appendix. 

Method of Sampling for Oxides, — Several hundred consecutive casts of 
basic iron from the Inland Steel Company's No. 2 blast furnace were 
sampled to determine the amount and composition of oxides in the iron. 
Samples taken from the runner were poured into a split-metal mold, mak- 
ing a solid piece of iron about 6 by 2 by 1 in. The mold was heated over 
the edge of the stream of iron before the sample was taken. As soon 
as the sample had been poured the mold was covered with sand. This 
procedure promoted graphitization and facilitated the preparation of 
coupons or metal strips used in electrolytic extraction of the oxides. The 
coupons were sawed or machined from the central and lower portion of the 
sample to avoid the effect of surface contamination. 

Oxide Content of Basic Iron, — The results of oxide determinations on 
samples from 475 casts, grouped according to total oxides, are sum- 
marized in Table 3, which shows the distribution of casts with respect to 
total oxides and also gives average results on the amounts and composition 
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of the oxides present. The data represent the results of two tests con- 
ducted about six weeks apart, during which 281 and 194 casts, respec- 
tively, were made. 


Table 3. — Summary of Oxides in Basic Pig Iron 



Percent- 

Percent- 

age 

Range 
of Total 
Oxides, 
Per 
Cent 

Average 

Total 

Oxides, 

Per 

Cent 

Osdes in Sample, 

Per Cent 

Oxides in Ex- 
traction Resi- 
due, Per Cent 

Cast 

Number of Casts 

^eof 

l^tal 

Casts 

Total 

Casts 

Cumu- 

lative 

1 

Si02 

MnO 

FeO 

Total 

02 

Si02 

MnO 

FeO 

Tem- 

per- 

ature, 

Deg. 

F. 

Si, 

Per 

Cent 

s. 

Per 

Cent 


First Test Period 


68 

24.2 

88 

31.3 

49 

17.45 

29 

10.30 

47 

16.75 

Weighted average. . 



0.012 to 
0.025 

0.019 

0.005 

0.004 

0.010 

0.006 

26.3 

21.1 

52.6 

2600 

1.04 

0.028 

0.025 to 
0.050 

0.037 

0.007 

0.006 

0.024 

0.010 

18.9 

16.2 

64.9 

2614 

1.08 

0.028 

0. 050 to 
0.075 

0.062 

0.008 

0.009 

0.045 

0.016 

12.9 

14.5 

72.6 

2617 

1.11 

0.028 

0.075 to 
0.100 

0.085 

0.008 

0.013 

0.064 

0.021 

9.4 

15.3 

75.3 

2607 

1.08 

0.027 

0.10 to 
0.30 

0.160 

0.014 

0.008 

0.138 

0 040 

8.8 

5.0 

86.2 

2616 

I.IO 

0.028 


0.063 

0.008 

0.007 

0.048 

0.017 

12.7 

11.1 

75.2 

2610 

1 08 

0.028 


SBCom) Test Period 



Similar results were obtained for the two tests. As the total oxides 
increased, the percentage of FeO in the inclusions increased, and the per- 
centages of Si02 and MnO decreased. This is particularly true of the first 
test period. The oxide residues in the first period were less siliceous than 
those in the second period, the average being 12.7 and 22.0 per cent Si02, 
respectively. When examined under the microscope some inclusions 
were found to contain spherical bodies of iron. Metal thus surrounded 
by oxides would be likely to carry through to the analyzed residue and 
therefore may be the cause for the apparent increase in FeO as the total 
oxides increase. . 
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The results of oxide determinations on samples taken during the second 
test period are more nearly uniform than those taken during the first 
period. This is attributed to better sampling of the iron in the second 
period, which smoothed out variations due to large segregates. About 
30 per cent of the casts in this period ranged from 0.011 to 0.025 per cent 
total oxides and averaged 0.019 per cent, which is equivalent to 0.006 per 
cent total oxygen. Slightly more than 80 per cent of the casts contained 
under 0.075 per cent total oxides. The 194 casts in the second period 
averaged 0.050 per cent total oxides, distributed as follows: 0.011 per cent 
Si02, 0.007 per cent MnO, and 0.032 per cent FeO. This is equivalent to 
an average of 0.015 per cent total oxygen. This average result is some- 
what higher than the average of 0.011 per cent total oxygen obtained by 
Herty and Gaines by means of the Dickenson method (Table 2). Owing 
to solubility of MnO and particularly FeO in cold 10 per cent nitric acid, 
results obtained with the Dickenson method would be low. It is more 
satisfactory for Si02 than for FeO and MnO. Except for a few determina- 
tions by the vacuum-fusion method on what was reported as badly 
oxidized samples of cast iron, the results obtained in this investigation are 
higher than those obtained by the vacuum-fusion method^*®. The results 
of Oberhoffer and Piwowarsky^on charcoal and coke iron are considerably 
higher than those obtained with Scott^s electrolytic method®. These 
investigators reported average values of 0.023 per cent total oxygen for 
charcoal iron and 0.022 per cent total oxygen for coke iron. 

OxideSj Silicon and Sulphur in the Iron and Cast Temperatures. — No 
relation was found between the amount of oxides in the iron and its 
temperature in the runner. The results in Table 3 show no definite trend 
in temperature in either test period corresponding to increasing concentra- 
tions of oxides. In the second test period the average temperatures are 
surprisingly constant for groups of casts that average 0.019 to 0.148 per 
cent total oxides. The average temperature of the metal remained con- 
stant, although the average amount of oxides increased about eightfold. 
There is a slight tendency for the silicon in the iron to increase as the total 
oxides increase, but the increase in silicon is too small to be significant. 
The average sulphur in the iron varied only one point for groups of casts 
that average from 0.019 to 0.160 per cent total oxides. Occasional casts 
containing from 0.033 to 0.037 per cent sulphur showed no tendency to be 
higher in total oxides. The data show no justification for assuming 
that the iron will contain more oxides if it is high in sulphur. Since the 
oxides are not related to the temperature of the iron, one would not expect 
them to vary with the silicon or the sulphur, as the amounts of these 
elements in the iron are directly related to temperature. 

Variations in Composition of Oxides in Individual Casts. — The sum- 
marized data in Table 3 do not show the variation in the composition of the 
oxide residues obtained from individual casts. Although FeO was the 
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major oxide in most casts, Si02 equaled or exceeded the FeO in occasional 
casts. Small amounts of AI2O3 were found in only a few casts. The 
extraction residue contained small amounts of Ti 02 that did not vary 
greatly. The fact that AI2O3 was not present in the more siliceous oxides 
indicates that the silicon was not due to entrapped slag. On the basis of 
the effect of the iron upon open-hearth practice, it is important to note 
that FeO is the principal oxide found in the iron. The percentage of 
Si02 and MnO in the inclusions varied considerably from one sample to 
another. Determinations on a large number of samples are necessary, 
therefore, to arrive at any conclusions as to the composition of the oxides 
in iron. On the basis of the tendency of oxides in the iron to persist 
through the open-hearth process, the Si 02 content is more important than 
the FeO and MnO contents. The oxide residues obtained in this investi- 
gation were less siliceous than the residues obtained by Herty and Gaines. 
The Si02 in the residues of the last test period averaged 22 per cent com- 
pared to an average of 47 per cent for the work of Herty and Gaines. 

Physical Character of Oxides Extracted from Basic Pig Iron, — The 
inclusions obtained consisted of comparatively large angular pieces inter- 
spersed with small black or reddish brown particles arranged in clusters 
that could be broken readily. Occasionally white grains of silica appeared 
in the residue, but the larger distinct particles were usually reddish brown 
or black. The residues from samples high in oxides required a much 
longer time for filtering and washing preparatory to burning off the graph- 
ite, which indicates that finely divided material made up the major portion 
of the residue. There was also some indication that the graphite con- 
tained in such residues was more finely divided. All high samples showed 
evidence of gritty material when moved around on the bottom of a beaker 
with a glass stirring rod. 

Microscopic Examination of Pig Iron for Inclusions, — ^Eight samples of 
pig iron were examined for inclusions, at 50 and 1000 diameters. Photo- 
micrographs at 50 diameters appear in Figs. 7 and 8. A large inclusion is 
shown in Fig. 8 and a small triangular one in the lower left corner of Fig. 7. 
The large inclusion shown in Fig. 8 is of interest, as the presence of such 
large segregates in a section of metal analyzed for oxides would result in 
high oxide content and tend to give erratic results. There is no apparent 
relation between the form of the graphite and the amount of oxides deter- 
mined by electrolytic extraction. 

Small, gray, angular or hexagonal inclusions visible at 1000 diameters 
characterize all eight samples (Fig. 10). These inclusions are too small 
for identification. The large inclusion shown in Fig. 9 illustrates the 
difficulty of polishing samples without dislodging inclusions of the more 
friable and less siliceous type. This sample contained a large number of 
such inclusions, which were lost during polishing. The fragment retained 
was too small for identification, but the extreme friability indicates high 
FeO content. 
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One large inclusion contained particles of metallic iron, wKich 
indicated that it had been molten. Iron thus encased may account 
for the unusually high iron content of occasional samples, usually 
extremely high in total oxides. Metallic iron in an inclusion would not be 
eliminated during electrolytic extraction or during the copper sulphate 
treatment to eliminate metallic iron from the extraction residue. Figs. 11 



Fig. 7. Fig. 8. 

Figs. 7 and 8. — Distbibxjtion op graphite in basic pig iron. 
Fig. 7, Cast 2443. Fig. 8, Cast 2483. Unetched. X 50. 


to 16 show a large inclusion before and after the application of Wohrman's 
identification etches. The inclusion is largely Si02 with some MnO and 
possibly traces of FeO and MnS. 

No relation was found between the number of small inclusions and the 
oxide content of the samples. Samples containing large inclusions were 
generally high in total oxides. Although microscopic study does not offer 
a satisfactory means of determining the amount of oxides in iron, it does 
show that inclusions are present and that they may occur as 
large segregates. 

Effect of Additions of Iron Ore, Sinter^ Roll ScaUj Ferric Oxide and 
Sponge Iron on Oxides in Pig Iron. — Several attempts were made to intro- 
duce oxides into molten pig iron by additions of materials containing iron 
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Figs. 11-16. — STRDCTtrRE and inclusions as shown by various etching reagents. 
Fig. 11. — Cast 2399. IJnetched. 

Fig. 12. — Cast 2399. Etched 10 sec. in 10 per cent nital. 

Fig. 13. — Cast 2399. Etched 5 min. in 10 per cent chromic acid. 

Fig. 14. — Cast 2399. Etched 5 min. in boiling sodium picrate. 

Fig. 15. — Cast 2399. Etched 10 min. in saturated solution stannous chloride in 
alcohol. 

Fig. 16. — Cast 2399. Etched 10 min. in aqueous solution of hydrofluoric acid. 
Original magnification 500; reduced ^ in reproduction. 
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Table 4. — Oxides in Pig Iron before and after Additions of Iron Ore, Sinter, 
Roll Scale, Ferric Oxide and Sponge Iron 


Oxides in Sample, Per Cent 

Oxides in Residue, Per Cent 

Sample 

SiOa 

MnO 

FeO 

AI2O3 

Total 

Oxides 

SiOa 

MnO 

FeO 

AI2O3 


Melts in IOO-lb. Ladle 


Before ore 

0.0082 

0.0025 

0.0071 

nil 

0.0178 

46.07 

14.04 

39.89 


After ore 

0.0078 

0.0026 

0.0066 

nil 

0.0169 

49.15 

15.89 

34.96 


Before sinter 

0.0038 

0.0096 

0.0586 

nil 

0.0720 

5.28 

13.33 

81.39 


After sinter 

0.0100 

0.0036 

0.0189 

nil 

0.0323 

30.96 

11.15 

57.89 


Before scale 

0.0551 

0.0284 

0.1694 

0.0115 

0.2644 

20.84 

10.74 

64.07 

4.35 

After scale 

0.0145 

0.0142 

0.0318 

nil 

0.0505 

27.71 

9.93 

62.36 

i 

nil 


Melts in Induction Furnace 


Before Fe203 

0.0030 

0.0026 

0.0180 

nil 

] 

0.0236 

12.71 

11.02 

76.27 

After FeaOa 

0.0046 

0.0021 

0.0150 

nil 

0.0218 

21.10 

9.63 

69.27 

Before FeaOs 

0.0030 

0.0026 

0.0180 

nil 

0.0236 

12.71 

11.02 

76.27 

After Fe203 

0.0080 

0.0036 

0.0231 

nil 

0.0347 

23.05 

10.37 

66.58 

Before sinter 

0.0030 

0.0026 

0.0180 

nil 

0.0236 

12.71 

11.02 

76.27 

After sinter 

0.0245 

0.0013 

0.4056 

nil 

0.4314 

5.68 

0.30 

94.02 

Before ore 

0.0030 

0.0026 

0.0180 

nil 

0.0236 

12.71 

11.02 

76.27 

After ore ' 

1 

0.0048 

0.0012 

0.0235 

nil 

0.0295 

16.27 

4.07 

79.66 


Synthetic Pig Iron prom Additions op Ferromanganese and Ferrosilicon to Pure Iron 


Synthetic pig iron 


0.0205 

0.0006 

0.4080 

i 

0.0031 

0.4312 

4.74 

0.14 

94.4 


Oxides in Charcoal Iron before and apter Additions op Sponge Iron: 


( Charcoal Iron 
Sponge Iron 


I) 


Charcoal iron: 

Sample 1 

0.0101 

0.0072 

0,0019 

0.0014 

0.0124 

0.0108 

nil 

nil 

0.0244 

0.0199 

43.39 

37.11 

7.75 

7.22 

50.86 

65.67 


Sample 2 

Average . 

0.0087 

0.0017 

0.0116 

nil 

0.0219 

39.25 

7.48 

53.27 





Oxides in Iron after Addition op Sponge Iron 


Sample 1 

0.0077 

0.0012 

0.0141 

nil 

0.0230 

33.48 

5.22 

61.30 


Sample 2 

0.0095 

0.0013 

0.0168 

nil 

0.0276 

30.80 

4.71 

64.49 


Sample 3 

0.0034 

0.0007 

0.0097 

nil 

0.0138 

24.66 

5,01 

70.35 









Average 

0.0068 

0.0011 

0.0136 

nil 

0,0215 

31,78 

5.14 

63.08 









Analysis op Charcoal Iron before and after Addition op Sponge Iron 


Si 

S 

Mn 

P 


■ 




3.53 

1.98 

0.027 

0.023 

0.59 

0.41 

0.195 

0.160 


1 





Before 
After. . 
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unreduced material that reach the crucible, it would be possible to increase 
the oxides in molten pig iron by contact with such materials as ore, roll 
scale and sinter. 

In the first series of tests reported in Table 4, iron ore, sinter and roll 
scale were added to 100 lb. of metal held in a small foundry ladle. Each 
ladle of iron was sampled and several pounds of one of the three materials 
was stirred into the iron. After the reaction was complete another sample 
was taken. Additions of sinter and roll scale decreased the oxides in the 
iron, whereas the iron ore had little eflPect. The elimination of oxides by 
the addition of sinter and roll scale is attributed to the fact that the iron 
to which these materials were added was unusually high in oxides. Sub- 
stantial amounts of silicon and manganese were eliminated, so that some 
removal of oxides by a fluxing action seems probable. Considerable kish 
or graphite separated from the iron. This may have had a cleansing 
action. In the two tests in which a substantial reduction of oxides 
occurred, the residue was more siliceous after the treatment. 

In the second series of tests, also reported in Table 4, chemically pure 
ferric oxide, sinter and roll scale were added to melts of the same iron 
held in an induction furnace. Twenty grams of ferric oxide was added to 
760 grams of iron in the first test in this series. The oxide content of the 
iron did not change appreciably. When the addition of hematite was 
increased to 30 grams the total oxides increased from 0.0236 to 0.0347 
per cent (Table 4) . The largest increase in oxides resulted from the addi- 
tion of sinter (0.0236 to 0.4314 per cent total oxides). The addition of 
iron ore produced a slight increase in the total oxides. 

The temperature of the iron in the tests made in the induction furnace 
was restored after the additions were made, whereas the iron fell off 
steadily in temperature while being held in the foundry ladle. This may 
account for the loss of oxides in one case and the increase in the other. 
Microscopic examination of the inclusions in iron shows a tendency for 
them to be associated with graphite. It seems probable that the separa- 
tion of graphite has a cleansing action. A synthetic pig iron made by 
adding ferromanganese and ferrosilicon to pure iron wire melted in an 
induction furnace was unusually high in FeO and total oxides. The oxide 
content of the fine wire could not be determined, but it was probably high. 

About 110 grams of sponge iron was added to 290 grams of charcoal 
iron. Assuming that no silicon was introduced by the sponge iron, the 
silicon in the iron would decrease from 3.53 to 2.56 per cent by dilution. 
It was found to be 1.98 by analysis, which shows an appreciable loss of 
silicon by oxidation. Average results on the oxides in two samples of the 
original charcoal iron are very close to the average of three samples of the 
final melt. There was little change either in the amount or composition 
of the oxides (Table 4). 
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The results in Table 4 as a whole indicate that additions of oxides 
to pig iron in suflSicient amounts to oxidize substantial amounts of silicon 
will not necessarily increase the amount of oxides in the iron. In two 
of eight tests the oxides increased by a substantial amount. In the other 
tests there was little change or a substantial decrease. The oxide residue 



was more siliceous in most cases after the addition of oxides to the iron. 
The conditions governing the retention of oxides involve a number of 
factors, such as fluxing, coalescence into large particles, elimination of 
graphite, shape of the particle, and viscosity and temperature of the 
metal. In general, conditions are not favorable for the retention of 
oxides in pig iron. Contact between the iron and unreduced material 
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does not appear to be the cause for occasional casts of iron unusually 
high in oxides. 

Furnace Practice and Oxides in Basic Pig Iron . — The lines and dimen- 
sions of the blast furnace are given in Fig. 17. A careful study was made 



of all the important phases of furnace practice to determine the cause for 
variations in the oxides in the iron. Charts showing burden changes 
made about 8 hr. before cast, blast temperature, cubic feet of wind blown, 
FeO in the slag, total acids in the slag, total burden, and uniformity of 
top pressure were followed from cast to cast over several months. A 
portion of the operating data studied in relation to the oxides in the iron 
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is shown graphically in Fig. 18. There was no consistent correlation 
between any of these phases of practice and the oxides in the iron. Dur- 
ing some periods the oxides increased as the burden was gradually 
increased. At other times high oxide content accompanied large changes 
in silicon, but this was not always true. 

The silicon in the iron is an index of uniformity of operation. Table 5 
shows a tendency toward a greater variation in the silicon when the iron 
contained more than 0.10 per cent total oxides. The last colunm of 
figures in this table gives the average change up or down in the silicon in 


Table 6 . — Total Oxides in Basic Iron and Variations in Silicon 

Content 


Number of Casts 

Range of Total Oxides, 
Per Cent 

Average Total Oxides, 
Per Cent 

Average Change in 
Silicon Content 

Per Cent 

56 

0.011 to 0.025 

0.019 

0.13 

70 

0.025 to 0.050 


0.15 

32 

0.050 to 0.075 


0.13 

20 

0.075 to 0.100 


0.15 

16 

0.100 to 0.313 

0.148 

0.19 


® Change in silicon from previous cast. 


the iron as compared with the previous cast. For iron containing up to 
0.10 per cent total oxides, which represents about 92 per cent of all the 
casts in the second test period, the variation in silicon is about the same 
for four groups of casts that average 0.019, 0.035, 0.064 and 0.086 per cent 
total oxides, respectively. Although the average oxide content varied 
alm ost fivefold, variations in silicon from cast to cast remained very nearly 
the same. For the highest oxide group the change in silicon from the 
previous cast averaged 19 points. Casts unusually high in oxides were 
associated with somewhat greater changes in the silicon content of the 
iron. Although moderate burdens and uniformity of operation appear 
to aid the production of iron lower in oxides, the problem is too complex 
to attribute the presence of oxides entirely to irregular operation. The 
humidity of the air apparently plays a minor part, as the oxides in the 
iron frequently fiuctuated widely with no substantial changes in atmos- 
pheric conditions. Casts made in subzero weather were no lower in 
oxides than those nqiade when it was raining. 

Oxides in Basic Open-heaeth Steel 

The elimination of carbon in the open-hearth process depends upon 
introduction of FeO into the metal. Fig. 19 shows the relation between 
the carbon in the metal and the total oxygen as FeO obtained from samples 
killed with aluminum. These samples were taken during various stages 
of open-hearth heats between the time of melt-down and the addition of 
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deoxidizers. In the high-carbon range the points are more scattered, 
because of larger variations in temperature, slag conditions, and the 
lapse of time after ore additions. The position of the curve varies for 
different practices, depending largely on the FeO in the slag and the 
distance from equilibrium. The form of the curve, however, will be 
approximately the same. This curve does not represent equilibrium 
conditions but illustrates the general relation between FeO and carbon 
in the bath during the working and finishing periods of the heat. Below 
12 per cent carbon the points lie fairly close to the curve because conditions 
approach a steady state more closely. 



BEFORE THE ADDiriON OF DEOXIDIZERS. 

As the carbon decreases to about 0.20 to 0.25 per cent, the FeO 
in the bath increases rather slowly. Below this range of carbon the 
FeO increases more sharply, becoming very rapid below about 0.10 per 
cent carbon. 

In producing medium and high-carbon steel common practice is to 
reduce the carbon to about 0.20 per cent and increase it to the range 
desired in the finished steel by recarburizing with alloy additions, molten 
iron or some form of carbon. If the carbon is reduced to 0.20 per cent, 
the metal will contain on the order of 0.16 per cent FeO, which is about 
three times the average amount of total oxides found in pig iron (Table 3) . 
If the carbon is reduced to the level of low-carbon rimming steel, the FeO 
in the bath will be five or six times the average total oxides found in basic 
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pig iron. Such large amounts of FeO favor the removal of Si02; as will 
be shown later. The oxides in the bath before the addition of deoxidizers 
consist almost entirely of FeO introduced into the bath to eliminate 
carbon. The amount of FeO in the bath is not rigidly fixed by the 
carbon, but the degree of oxidation of the bath is an inherent part of the 
open-hearth process (Fig. 19). 


Table 6 . — Oxides in Low-carbon Steel at Tapping, at Pouring, in 
Test-mold Samples, and in Slabs 


Heat No. 

Carbon, 
Per Cent 

Ferrous 
Oxide in 
Furnace 
Bath, 
Per Cent 

Ferrous 
Oxide in 
Ladle 
Sample, 
Per Cent 

Total 
Residual 
Oxides in 

I Test-mold 
Samples, 
Per Cent 

Total 
Residual 
Oxides in 
Slab 
Samples, 
Per Cent 

Silica in 
Test-mold 
Samples, 
Per Cent 

Silica in 
Slab 

Samples, 
Per Cent 

1 

0.07 

0.296 

0.198 

0.0228 

0.0265 

0.001 

0.001 

2 

0.06 

0.285 

0.287 

0.0405 

0.0261 

0.002 

0.001 

3 

0.07 

0.283 

0.186 

0.0508 

0.0276 

0.003 

0.001 

4 

0.07 

0.313 

0.220 

0.0326 

0.0343 

0.003 

0.001 

5 

0.05 

0.243 

0.256 

0.0404 

0.0241 

0.002 

0.001 

6 

0.06 

0.337 

. 0.251 

0.0439 

0.0378 

0.002 

0.001 

7 

0.05 

0.211 ' 

0.213 

0.0677 

0.0228 

0.001 

nil 

8 

0.05 

0.296 

0.251 

0.0600 

0.0205 

0.003 

0.001 

9 

0.07 

0.264 

0.195 

0.0669 

0.0350 

0.002 

0.001 

10 

0.06 

0.256 

0.211 

0.0579 

0.0329 

0.002 

0.001 

11 

0.09 

0.224 

0.211 

0.0617 

0.0270 

0.003 

0.001 

12 

0.09 

0.283 

0.208 

0.0795 

0.0546 

0.001 

0.002 

13 

0.08 

0.269 

0.184 

0.0511 

0.0368 

0.002 

0.001 

14 

0.06 

0.342 

0.220 

0.0646 

0.0229 

0.001 

0.001 

15 

0.05 

0.323 

0.288 

0.0603 

0.0298 

0.002 

0.001 

Average 

0.07 j 

0.282 1 

0.225 

0.0534 

0.0306 

0.002 

0.001 


The elimination of FeO is likewise an inherent part of the steelmaking 
process. In rimming steel a reduction of FeO occurs in the ladle. The 
major elimination occurs, however, as a result of the C-FeO reaction and 
the rimming action in the ingot mold. A loss of 0.02 per cent carbon 
between the ladle and the finished steel is not unusual. Such a reduction 
in carbon is equivalent to 0.12 per cent FeO (C : FeO : : 12 : 72). In killed 
and semikilled steel the amount and composition of the oxides in the 
finished product are governed by the degree of oxidation of the bath, the 
amount, type, and sequence of deoxidizers, temperature and the type 
of mold used. 

Oxides in Low-carbon Steel at Tapping, at Pouring, in Test-mold 
Samples and in Finished Steel. — ^Aluminum-killed samples offer the only 
available means for determining the oxygen content of the bath. The 
precise distribution of the total oxygen thus determined is not known. 
It may exist as FeO, CO, MnO, and Si02. It is generally assumed. 
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however, that the major portion exists as FeO. Fig. 20 and Table 6 
illustrate a number of general relations pertinent to the problem of oxides 
in low-carbon steel. The carbon content of a series of 15 heats is given 



Fig. 20. — Oxides in low-carbon steel at tapping, at pouring, in test-mold 

SAMPLES AND IN SLABS. 

at top of Figi 20. The two adjacent curves show the total oxygen as 
FeO in the bath and at the pouring platform. All heats except three 
show a substantial reduction of FeO between the furnace bath and the 
steel in the ladle at the pouring platform. It is likely that the FeO in 
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these three heats may have been higher than the amount indicated by the 
killed samples, owing to an unavoidable delay in tapping. 

The next pair of curves gives the total residual oxides (FeO, MnO, 
Si 02 , -AlaOa) in test-mold samples and samples from the middle of two test 
ingots. There is no fixed relation between the FeO in the bath and the 
residual oxides in test-mold samples or in the slab samples. The curves 
do show, however, that only a minor part of the total oxygen as FeO in 
the bath is retained in the finished steel. The slab samples were lower 
in residual oxides than rimmed samples taken at the pouring platform. 
Although a large part of the FeO in liquid steel is eliminated during the 
rimming action in a test mold, the elimination is more thorough in the 
ingot mold. Cropping of the ingot also tends toward a product more 
nearly free from inclusions. While test-mold samples are not entirely 
satisfactory, normally they indicate the relative cleanliness of the 
finished steel. 

The curves at the bottom of Fig. 20 show that only small amounts of 
Si02 (0.002 to 0.003 per cent) will exist in the bath in the presence of 0.2 
to 0.3 per cent FeO. Any Si02 as such, or as silicates in the iron, does not 
persist in the open-hearth bath in the presence of FeO introduced to 
eliminate carbon. In general slab samples were lower in Si02 than test- 
mold samples. The Si02 in test-mold samples from the 15 heats averaged 
0.002 per cent Si02, compared to 0.001 per cent for slab samples. (See 
average results, Table 6.) 

With an average of 0.07 per cent carbon the total oxygen as FeO 
averaged 0.282 per cent for the 15 heats. Between the bath and the pour- 
ing platform the FeO decreased from 0.282 to 0.225 per cent. The total 
residual oxides in test-mold samples averaged 0.053 per cent, or about 20 
per cent of the FeO in the bath before tap. Residual oxides in slab 
samples averaged 0.031 per cent, or about 10 per cent of the FeO in the 
furnace bath just before tapping. The Si02 in test-mold samples and in 
slab samples is insignificant when compared with the amount of FeO in 
low-carbon steel at tapping. In short, the question of oxides in low- 
carbon steel consists primarily of the introduction of FeO to eliminate 
carbon and the subsequent removal of this FeO. 

If the amount of oxides in pig iron is to be related to the amount in 
the steel, the comparison should be made between the oxides in the iron 
and in the bath before deoxidation. Test-mold samples of iron retain 
substantially all the oxides in the liquid iron, whereas test-mold samples 
of steel retain only a portion of the oxides (largely FeO) in the liquid steel. 
For this reason all bath samples in this investigation were taken in pairs — 
a killed sample and a rimmed sample. 

Open-hearth Tests , — Specific data on the oxides in basic iron and open- 
hearth steel were obtained from 23 heats. Samples of the iron were taken 
from transfer ladles. Most of the iron came from the mixer but some 
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direct metal was used. The first pair of bath samples, one killed and the 
other wild, was taken when all the scrap had melted. In most heats at 
least three additional pairs of samples were taken before tapping. Aver- 
age data on several hundred casts of iron show that about two-thirds of 
the total oxides is FeO. It has been shown, however, that the FeO in the 
open-hearth bath, up to the point where deoxidizers are added, is largely a 
function of the carbon (Fig. 19). The effect of FeO in the pig iron on the 
oxides in the steel can therefore be neglected. A study of 51 heats of 
low-carbon steel gave some indication that less ore was used during 
periods when the iron was high in FeO. If other factors, such as the type 
of scrap charge, remain about the same, the FeO in the iron may affect 
the amount of carbon in the bath at melt-down. 

A comparison between the Si02 in the iron and in the steel bath before 
deoxidation will show the degree to which Si 02 as such or as silicates 
persists through the open-hearth process. Figs. 21 and 22 show the Si02 
in the iron and in the bath from melt-down to tap for eight typical heats. 
If the iron contained substantial amounts of Si02, most of it was eliminated 
before the first bath test was taken. During the working and finishing 
periods the Si02 in the bath ranged from 0.001 to 0.003 per cent. If the 
iron was unusually low in Si02, bath samples showed an increase. (See 
heat 23, Fig. 22.) The molten iron charged into 21 heats averaged 
0.008 per cent Si 02 , compared to an average of 0.002 per cent in the bath 
before the addition of deoxidizers. 

It is clear from the curves in Figs. 21 and 22 that any Si02 as such or as 
silicates is reduced to very small amounts when the carbon is still com- 
paratively high and the FeO comparatively low. The elimination of 
Si 02 or silicates was probably simultaneous with the elimination of some 
2 per cent manganese and 1 per cent silicon early in the heat. Large 
amounts of Si02 and MnO, formed by oxidation of manganese and silicon, 
should and do apparently exert a favorable fluxing action on any Si 02 
or silicates in the iron. 

Heats 20, 21 and 23 (Fig. 22) are of special interest, as they illustrate 
the effect of silicon additions upon the Si02 in the bath. In heat 20 the 
Si02 increased from 0.003 to 0.01 per cent following an addition of ferro- 
silicon (15 per cent). The Si02 in the bath in heat 21 increased from 
0.0015 to 0.009 per cent following a similar addition of silicon to the bath. 
By the time the ladle reached the pouring platform, the Si02 had dropped 
to 0.0028 per cent as a result of ladle additions and the elimination of 
silicates. The Si02 in the bath increased during the latter part of heat 
23 to 0.007 per cent, then dropped to 0.0053 per cent 25 min. before tap. 
The increase in Si02 fn the ladle sample reflects the effect of an addition of 
silicon to the ladle. These heats illustrate the well-known effect of addi- 
tions of deoxidizers upon the amount and composition of inclusions in the 
finished steel. 
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Fig. 22. — ^Actual silica in the pig ieon and in the basic open-heabth bath 


(heats 13, 20, 21, AND 23). 
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Summary of Oxides in Iron Charge and in Furnace Bath before Deoxida- 
tion . — Information has been presented as to the carbon, total oxygen as 
FeO, and the Si02 in the bath at various stages of eight heats. Detailed 
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Fia. 23 . — Oxides in basic pig iron and in the open-hearth bath before deoxida- 
tion. 


data on 16 other heats duplicate the results given for the eight heats so 
closely that only a sununary of oxides in the bath before the addition of 
deoxidizers will be given for all heats. This summary is given in Fig. 23. 
The heats are arranged in order of increasing carbon content. As the 
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carbon increases the FeO decreases in accordance with the general relation 
shown in Fig. 19. For carbon content up to about 0.25 per cent the total 
amount of residual oxides (FeO, MnO, Si02, and AI2O3) is very small 
compared with the total oxygen as FeO. This is particularly true for the 
first eight heats, which contain less than 0.10 per cent carbon. Above 
0.25 per cent carbon a much higher proportion of the total oxygen as FeO 
was retained in the unkilled samples. 

The bottom of Fig. 23 shows the total oxides in the iron, the SiOa 
in the iron and in the bath before deoxidation. In most cases the Si02 
in the iron was higher than in the bath. There is no indication, however, 
that the amount of Si 02 in the bath before deoxidation is in any way 
related to the amount in the iron. The bath in heats 4 and 8 contained 
more Si02 than the iron charge. Heats charged with iron highest in 
oxides showed no tendency for the bath to contain more Si 02 (see heats 
3, 15, 17). 

Oxides in Iron at the Blast Furnace and at the Open Hearth 

No special study was made to determine the change that took place in 
the oxides in the iron between the blast furnace and the open hearth. The 
analyses given in Table 7 represent a considerable tonnage of iron held in 
the mixer at the time hot metal was taken 'for the 23 heats of steel. It 
appears that some elimination of oxides occurs between the blast furnace 
and the open hearth. A comparison between the oxides in 194 casts 
sampled at the blast furnace and the iron used in 23 heats is given in 
Table 8. The composition of the oxide residue is about the same, but the 
comparison indicates a loss of oxides between the blast furnace and the 
open hearth. 

Temperature of Direct Metal and Metal from Mixer . — The temperature 
of the iron was taken with an optical pyrometer as it was poured into the 
open hearth. Conditions were favorable for accurate readings. The 
results are given in Table 9. The temperature of direct metal averaged 
147° F. above the temperature of mixer metal. From the curve in Fig. 5, 
giving the relation between temperature of the iron and the percentage of 
silicon and sulphur present, it is possible to estimate the average tempera- 
ture at the blast furnace. Samples of iron from transfer ladles at the 
open hearth averaged 1.06 per cent silicon and 0.028 per cent sulphur 
(Table 10). The average temperature in the blast-furnace runner of iron 
of this analysis is estimated at 2610° F. Iron from the mixer aver- 
aged 2435° F., or 175° below the average temperature in the blast- 
furnace runner. 

The temperature of the iron used for individual heats of steel varies 
widely, depending on whether it is direct or mixer metal. Observations 
on mixer metal ranged from 2346° to 2500° F. This variation is attributed 
to the amount of metal in the mixer and the lapse of time since a fresh 
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metal charge was received from the blast furnace. Fitterer^ observed that 
the depletion of metal in the mixer resulted in a gradual drop in the tem- 
perature of the iron in the mixer. In extreme cases the temperature 
decreased 135° F. He also observed that the temperature of molten iron 


Table 7. — Oxides in Samples of Molten Iron from Transfer Ladles at the 

Open Hearth 


Iron Used in 

Heat No. 

Oxides in Sample, Per Cent 

Total 

Oxides, 

Per 

Cent 

Composition of Residue, Per Cent 

Si 02 

1 

MnO ! 

FeO 

AI 2 O 3 

SiOa 

MnO 

FeO 

AlaOs 

1 

0.0075 

0.0048 

0.0059 

nil 

0.0182 

41.2 

26.4 

32.4 


2 

0.0039 

0.0026 

0.0088 

0.0018 

0.0166 

20.2 

13.5 

57.8 

8.8 

3 

0.0138 

0.0020 

0.0091 

nil 

0.0249 

55.4 

8.1 

36.5 


4 

tr. 

0.0013 

0.0100 

0.0022 

0.0136 

0.7 

9.6 

73.5 

16.2 

5 

0.0115 

0.0031 

0.0166 

nil 

0.0310 

36.8 

10.0 

53.0 


6 

0.0107 

0.0011 

0.1611 

nil 

0.1729 

6.4 

0.6 

93.0 


7 

0.0050 

0.0018 

0.0046 

nil 

0.0114 

43.8 

15.8 

40.4 


8 

0.0007 

0.0024 

0.0085 

nil 

0.0116 

6.0 

20.8 

73.2 


9 

0.0073 

0.0103 

0.0281 

nil 

0.0457 

16.0 

22.6 

61.4 


10 

0.007 

0.0045 

0.0077 

nil 

0.0192 

; 36.8 

23.2 

40.0 


11 

0.0034 

0.0026 

0.0088 

0.0018 

0.0166 

20.4 

15.6 

53.2 

10.8 

12 

0.0053 

0.0029 

0.0051 

nil 

0.0133 

39.8 

21.8 

38.4 


13 

0.0051 

0.0034 

0.0313 

nil 

0.0398 

12.8 

8.6 

1 78.6 


14 

0.0073 

0.0025 

0.0075 

nil 

0.0173 

42.2 

14.5 

43.3 

1 

15 

0.0158 

0.0066 

0.0224 

nil 

0.0448 

35.2 

14.8 

50.0 


16 

0.0065 

0.0053 

0.0119 

nil 

0.0237 

27.4 

22.2 

50.4 


17 

0.0353 

0.0051 

0.1029 

0.0042 

0.1475 

24.1 

3.4 

69.6 

2.9 

18 

0.0060 

0.0053 

0.0292 

nil 

0.0405 

14.8 

13.1 

72.1 


20 

0.0051 

0.0035 

0.0105 

nil 

0.0191 

26.7 

18.3 

55.0 


21 

0.0026 

0.0019 

0.0074 

0.0016 

0.0135 

19.3 

14.1 

54.7 

11.9 

23 

0.0006 

0.0028 

0.0162 

nil 

0.0196 

3.1 

14.3 

82.6 


Average 

0.0076 

0.0036 

0.0245 

0.0005 

0.0362 

21.0 

10.0 

67.6 

1.4 


Table 8 . — Oxides in 194 Casts at Blast Furnace and Iron Used in 23 Heats 


Oxides in Sample, Per Cent 

Total 

Oxides 

Composition of Residue, Per Cent 


SiOa 

MnO 

FeO 

AI 2 O 3 

SiOa 

MnO 

FeO 

AlaOs 

Blast furnace 

Open hearth 

0.011 

0.008 

0.007 

0.0036 

0.032 

0.0245 

0.0005 

0.050 

0.032 

22.0 

21.0 

14.0 

10.0 

64.0 

67.6 

1.4 


moved from the blast furnace to the mixer in submarine ladles decreased 
more rapidly if the ladle lining was comparatively cold. If the iron as 
tapped from the blast furnace is uniformly high and the method of han- 
dling is the same, it will reach the open hearth at higher temperatures. 
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It is evident, however, that the temperature of the iron at the open hearth 
will vary widely, depending upon the manner in which it is handled after 
it leaves the blast furnace. 

Analysis of Iron Reported to Open-hearth Melter and Analysis of Sam- 
ples from Transfer Ladles. — The analysis of iron in the mixer was computed 
from the weights and analyses of the last five casts received from the blast 
furnace. An analysis thus computed was reported to the open-hearth 


Table 9. — Temperature of Direct Metal and Metal from Mixer as Poured 

into the Open Hearth 

Temperatures Taken with Optical Pyrometer 


Direct Metal, Temperature, 
Deg. F. 

Mixer Metal, Temperature, 

Deg. F. 

2,632 

2,412 

2,445 

2,468 

2,588 

2,459 

2,500 

2,442 

2,553 

2,463 

2,390 

2,451 

2,543 

2,441 

2,456 

2,360 

2,612 

2,390 

2,484 

2,346 

2,570 

2,360 

2,478 

2,458 

2,605 

2,390 

2,385 

2,462 

2,543 

2,390 

2,390 

2,485 

2,595 

2,468 

2,390 

2,478 

Average 2,582 



2,435 


melter when hot metal was obtained from the mixer. When the metal 
came directly from the blast furnace, the cast analysis was reported to the 
open hearth. Table 10 gives a group of analyses as reported to the open- 
hearth melter and the analysis of corresponding transfer-ladle samples. 
With one exception the reported and ladle analyses agree fairly well. The 
difference, in silicon, between the two corresponding analyses averaged 
0.06 per cent. The average analysis, as reported to the open-hearth 
melter, is very close to the average analysis of ladle samples (Table 10). 
No evidence of stratification in the mixer was obtained. This may be due 
to the fact that the iron was fairly uniform in composition and well sam- 
pled at the blast furnace. Casts from the blast furnace were sampled 
under the supervision of the laboratory according to volume as deter- 
mined by the filling of successive ladles. 

Summary and Conclusions 

The temperature of several hundred casts of metal produced in a 
700-ton furnace operating on Lake ores was measured with noble-metal 
thermocouples to observe the effect of temperature upon the oxides in the 
iron. A definite relation between silicon and sulphur was established, 
but no relation was found between the oxides in the iron and the tempera- 
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Table 10. — Analysis of Iron Reported to Open-hearth Melter and Analysis 
of Samples from Transfer Ladles^ 


Analysis Reported to Open-hearth Melter, 
Per Cent 


Analysis of Ladle Samples, 
Per Cent 



® Average difference in silicon between reported analysis and ladle analysis equals 
0.06 per cent. 

ture of the iron. Close control of the silicon and sulphur in the iron 
requires that the average temperature of the iron be held within narrow 
limits. In general, a variation of 40° F. in the average temperature of the 
iron in the runner will result in a 10-point (0.10 per cent) variation in 
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silicon and a 2-point (0.002 per cent) variation in sulphur. Variations in 
sulphur, silicon and temperature are due largely to variations in the pat- 
tern of gas distribution in the furnace shaft. Uniform gas distribution 
requires careful control of the size of materials and distribution of stock. 

The total oxides in the iron ranged from 0.012 to 0.313 per cent. As 
the total oxides increased the percentage of FeO in the oxide residue 
increased. The oxide residues from 194 casts averaged 22 per cent Si02, 
14 per cent MnO and 64 per cent FeO. A small amount of AI2O3 was 
found in occasional casts. 

Microscopic examinations at 50 diameters disclosed the presence of 
large inclusions in some samples. Small, irregular inclusions observed 
at 1000 diameters were more characteristic of the samples studied. No 
definite relation was found between the number or size of inclusions and 
the amount of oxides as determined by electrolytic extraction. Some 
tendency was shown for the inclusions to be associated with the graphite. 
The oxide content of the iron had no apparent effect on the form of 
the graphite. 

The cause for variations of the oxides in the iron was not determined. 
Groups of casts low in total oxides (0.019 per cent) contained practically 
the same amount of silicon and sulphur as groups of casts high in total 
oxides (0.1 to 3.0 per cent). Casts extremely high in oxides showed the 
greatest variation in silicon from the previous cast. In the low and inter- 
mediate range of oxides the variation in silicon was about constant. No 
consistent relation was found between furnace practice and the oxides in 
the iron. 

A relation established between the carbon and total oxygen in 150 
aluminum-killed samples shows that the FeO in the bath before deoxida- 
tion is primarily a function of the carbon in the bath. Variations in the 
ferrous oxide in the iron have no effect upon the iron oxide in the open- 
hearth bath. Any tendency for finely dispersed Si02 or silicates in the 
iron to persist through the open-hearth process can be detected from Si02 
determinations on the iron and the open-hearth bath. The amount of 
Si02 in the bath of 23 heats of steel before deoxidation showed no relation 
to the amount of Si02 in the molten iron charge. Si02 as such or in com- 
bination in the form of silicates is largely eliminated early in the heat, 
when large amounts of Si02 and MnO are formed adjacent to inclusions in 
the iron. 

In rimming steel the FeO introduced into the bath to eliminate carbon 
is largely eliminated by the C-FeO reaction and the rimming action in the 
ingot mold. In killed or semikilled steel this FeO is reduced to metallic 
iron by deoxidizers. The cleanliness of the steel depends upon the amount 
of FeO present and the degree to which the products of deoxidation are 
eliminated. The introduction of FeO into the steel bath and its subse- 
quent elimination are basic features of an oxidizing process. 



T. L. JOSEPH 


239 


The temperature of molten-iron charge for individual heats varies, 
depending upon the manner in which the iron is handled after it leaves the 
blast furnace. Metal moved to the open hearth in submarine ladles and 
transfer ladles is substantially higher in temperature than metal from a hot 
metal mixer. Variations in temperature of the iron at the open hearth, 
due to differences in methods of handling the iron after it leaves the blast 
furnace, are greater than the variations in the temperature of individual 
casts in uniform blast-furnace practice. 

The analyses of metal reported to the open-hearth melter were approxi- 
mately the same as the analyses obtained from samples taken from trans- 
fer ladles. Differences between the reported and actual analysis of the 
iron depend upon the uniformity of the iron and the method of sampling 
at the blast furnace. There was no evidence of stratification in the mixer. 
Data from this investigation do not, however, preclude the possibility of 
stratification when the iron varies widely in analysis. 
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APPENDIX 

Extraction and Analysis of Oxides from Pig Iron , — This method of 
oxide extraction has been published in detail^, but subsequent work on 
hundreds of samples has led to a number of small changes and modifica- 
tions that make it desirable to review the procedure briefiy. 

Extraction Cell , — The construction of the cell, shown diagrammatically 
in Fig. 24, is simple and inexpensive. The cell consists of a large- 
mouthed 3-liter bottle lined with a copper screen cathode. Suspended 
in the center of the bottle is a glass tube. A hardened filter paper, which 
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acts as a membrane, is fastened across the bottom of the glass tube. 
A small reagent bottle with bottom removed has been found convenient 
for use as the inner cell. The sample of iron is suspended in the inner 
cell by means of a platinum wire, and is the anode. 

The Electrolyte . — The electrolyte is a 5 per cent solution of magnesium 
iodide in which approximately 5 grams of iodine has been dissolved. 
This may be prepared by allowing 120 grams of iodine to react with 
magnesium metal until magnesium hydroxide appears and then filtering 



Fig. 24 . — Diagrammatic sketch op cell used in electrolytic extraction method. 

the solution. Dissolve 6 grams of iodine in the filtered solution and 
dilute to volume. 

Source of Power , — The source of power is an ordinary heavy-duty 
storage battery equipped with a charger. In this investigation 10 cells 
were operated simultaneously using 10 amp. per hour, which required 
that the charger supply the 10 amp. It should be so arranged that the 
charging rate can be varied according to the demand. Each extraction 
cell should have a variable resistance in the circuit so that the amperage 
can be controlled at 1 amp. At this rate about one gram of iron or steel 
will be decomposed each hour. 

Preparation of Sample , — It is desirable to extract a sample of at least 
50 grams and up to 100 grams. More than this weight of sample causes 
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the graphite and carbon to be so voluminous that filtering and washing 
are difficult. The extraction is aided by having a sample of large area 
for its weight. In this work the pieces of pig iron were about 4 in. long, 
1 in. wide and in, thick. After the samples are cut from the casting 
the edges are filed and the sample is cleaned of all oil, grease and dirt, 
and then weighed. A platinum wire is attached to the sample and the 
upper portion, which will not be submerged in the electrolyte, must be 
waxed. The sample is then suspended in the inner cell and the electroly- 
sis proceeds. 

Electrolysis , — ^At first the electrolysis will proceed rapidly, but as the 
area of the metal is reduced more voltage must be impressed to maintain 
the one ampere. Soon it will not be possible to keep so much amperage 
on the cell, but the electrolysis should proceed until the ammeter shows 
that all action has ceased. It is then ready to remove. The iron sample 
will retain its original shape and usually clings to the wire. It will be 
black and have a coating of iodine on the outside. 

Washing and Treatment of Residue , — ^Remove the sample from the jar 
by lifting out the platinum wire to which it is attached. Place in a 
casserole and gently remove the decomposed portion. If there is a core 
of undecomposed iron, scrape it clean with a spatula. Clean the stub 
and weigh. The weight of the sample is the difference between the 
weight when introduced into the cell and the weight of the stub. 

An inspection of the carbon skeleton will tell whether any has fallen 
off into the inner cell. If this has happened, filter the solution of the inner 
cell and add the recovered portion of the residue to that in the casserole. 

In the extraction of pig iron a considerable amount of iodine is plated 
out on the carbon skeleton. This, along with the ferrous iodide, magne- 
sium iodide, and the silicic acid, must be removed by suitable washing. 
Any small particles of metallic iron also must be removed. The following 
scheme was adhered to in this investigation. 

Moisten the residue in the casserole with a solution of 15 grams 
potassium iodide and 15 grams ammonium citrate in 50 ml. of water, then 
grind in a casserole with an agate pestle until all the carbon is very finely 
divided and the solution is a smooth slurry. This is very important, 
as the carbon has absorbed such a large amount of salts that a thorough 
washing can be accomplished only if there are no lumps. During the 
grinding the solution may be decanted into an 800-ml. beaker; the larger 
pieces remain in the casserole and are then ground. Often during this 
operation and decantation the oxides may be ’seen in the casserole and 
their types observed. When the grinding is complete transfer all the 
residue to the beaker and dilute to 600 ml. Allow it to stand for 24 to 
48 hours. Then filter the solution on a suction filter by means of a 
45-mm., very retentive, ashless filter paper. In this work a special 
device, similar to a carbon tube, was developed because a number of 
filtrations are required on each sample and the bulk of the filter-pape 
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pulp hampers the washing of the residue. After filtration, wash the 
residue thoroughly with cold water. 

Return the washed residue to the beaker and add 100 ml. of solution 
containing 10 grams of potassium iodide and 20 grams of sodium citrate. 
Agitate several times during the day and dilute to 600 ml. in the evening. 
Allow the solution to stand overnight, then filter and wash with cold 
water. Repeat this treatment at least three times, or until all trace of 
color disappears from the solution after it has stood overnight. After the 
last filtration place the residue in the beaker, to which 50 ml. of copper 
sulphate solution has been added (250 grams of CUSO4.5H2O to liter of 
solution, with 1 gram MgO and 2 grams MnCOa added). Filter the 
solution as it is used. Agitate the residue several times during the day 
and dilute to 400 ml. in the evening. 

The next morning filter the sample and wash it wit-h cold water. 
Then place the residue in the beaker with 400 ml. of solution containing 
15 grams of ammonium citrate. Warm about 30 min., until the residue 
coagulates and settles to the bottom of the beaker. Filter and wash 
with hot water. Return the residue to the beaker, and add 400 ml. of 
solution containing 30 grams of sodium hydroxide and 30 grams of sodium 
tartrate. Warm gently for about 30 min. or until the residue coagulates 
and settles out; then filter, and wash thoroughly with hot water. Return 
the residue to the beaker, add 400 ml. of water containing 10 grams of 
ammonium citrate, and warm again for about 30 min. Filter with suc- 
tion, and wash until the washings are colorless. Suck dry, and place the 
residue and paper pulp in a platinum dish or crucible. Dry and ignite. 
The residue will contain Si02, Mn304, Fe203, AI2O3, CaO, Ti02, and 
perhaps some traces of Cr203. 

Analysis of Residue . — As most chemists prefer certain methods of 
analysis those used in this investigation will be sketched briefly: 

1. After fusion with sodium carbonate, the fusion was leached out in 
the hydrochloric acid solution and the Si02 dehydrated in sulphuric acid. 
The Si02 was determined by volatilization with hydrofluoric acid and the 
residue in the platinum crucible was fused with potassium bisulphate and 
added to the filtrate from the Si02. 

2. The copper was removed as CuS and the filtrate containing the 
iron, manganese, aluminum and titanium was boiled down to 100 ml. and 
oxidized with a few crystals of ammonium persulphate. 

3. The solution was aliquoted into two portions, of which one was used 
for the manganese determination and one for the iron and alumina 
determinations. 

4. The manganese was determined by the usual arsenite titration 
after persulphate oxidation. The manganese was calculated to MnO. 

5. The iron, manganese and titanium were separated from the 
aluminum by the usual alkali separation and the aluminum was deter- 
mined^ as AIPO4. The aluminum was calculated to AI2O3. 
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6 . The iron, manganese and titanium were dissolved from the filter 
paper with hydrochloric acid. Tartaric acid was added and the solution 
was heated and then saturated with H2S. It was then made strongly 
ammoniacal and the iron was separated as FeS. Then it was washed. 
The FeS was dissolved with hydrochloric acid and the solution boiled free 
of H2S. It was then oxidized and the iron determined by titration or 
colorimetrically, depending upon the amounts present. The iron was 
calculated to FeO. 

Extraction of Samples from Steel Bath and Their Analyses , — The extrac- 
tion of the steel samples is the same as for the pig iron. The test pieces 
in this investigation were conical. After the outside was cleaned of 
oxides the more solid tip of the cone was cut off, drilled, and tapped. The 
platinum wire was then attached to the sample by a bolt. The top of the 
specimen was given a protective coating of wax and the tip was submerged 
and electrolyzed. 

After the steel was extracted the oxide and carbon residues were found 
on the membrane paper. The entire contents of the inner cell must be 
filtered and added to the residue clinging to the rest of the sample. In the 
high-carbon ranges the residue must be ground in the same manner as 
the pig iron; in the lower ranges it is not necessary. 

The residue is washed in the same manner as the pig-iron residue, 
except that the caustic wash and the following wash are eliminated, as 
there is no silicic acid present. The residue is analyzed by the method 
used for the pig-iron residue, except that there is no titanium present and 
its separation from the iron is unnecessary. 
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DISCUSSION 

(C. H, Herty, Jr., presiding) 

J. Chipman,* Middletown, Ohio. — This paper contains several valuable contribu- 
tions to our knowledge of blast-furnace practice in the production of hot metal for the 
open hearth. The author^s admirable method for measuring temperatures has enabled 
him to determine with the utmost certainty the relationship between the temperature 
and composition of the metal, with respect to sulphur and silicon, when other factors 
are essentially constant. Similarly, he has shown clearly the effect of total acids upon 
the sulphur content of the metal. 

His discussion of oxides in pig iron centers around the results obtained by the 
electrolytic method used by Scott with some success in determining oxides in steel. 
This is an entirely unproved method as far as pig iron is concerned, and the nature 
of the results is sufl&cient to cast considerable doubt upon its dependability. At 
Dr. Joseph’s request, I determined the oxygen content of five specimens by the vac- 
uum-fusion method. His results and mine are compared in Table 11. It is evident 
that one method or the other is entirely erroneous. 


Table 11. — Comparison of Joseph and Chipman Results 


Cast No. 

Composition, Per Cent 

Oxygen, Per Cent 

SiOa 

MnO 

FeO 

AhOa 

Calculated 

Vacuum-fusion 

Oxygen 

2432 

Kim 

0.0038 


Nil 



2548 


0.0074 

0.2169 

Nil 



2302 


0.0043 

0.4133 

Nil 



2299 


0.0044 

0.7113 

Nil 

0.1922 


2301 


0.0096 


Nil 

0.2384 

0.018 


Dr. Joseph finds that “the amount of Si02 in the bath of 23 heats of steel before 
deoxidation showed no relation to the amount of Si 02 in the molten iron charge” 
(p. 238). This will be a great disappointment to those who have attempted to place 
the blame for all open-hearth ailments upon “oxides in the pig iron.” If the author’s 
analyses are accepted, this pig iron certainly contained enough oxides to do whatever 
damage oxides might be capable of doing. 

It is becoming increasingly evident that the quality of hot metal for use in the 
open hearth is determined by three primary considerations: (1) its ordinary chemical 
analysis; (2) its temperature; and (3) the regularity with which these two factors are 
reproduced from cast to cast. 

T. L. Joseph. — ^The samples analyzed for oxides with the vacuum-fusion method 
by Dr. Chipman were also reduced with hydrogen by Mr. Larsen. Results with the 
hydrogen reduction method are ten to twenty times higher than those reported for 
vacuum fusion and agree more closely with those of the electrolytic method. 
For example, the calculated oxygen by vacuum fusion was 0.002 per cent, 0.047 by 
hydrogen reduction and 0.11 by electrolytic extraction. The percentage of total 
oxygen reported by Mr. Larsen on the five samples was: cast 2432, 0.010; cast 2548, 
0.028; cast 2302, 0.047; cast 2299, 0.110; cast 2301, 0.131. These particular samples 

* Associate Director, Research Laboratories, American Rolling Mill Co. 
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were unusually high in oxides. We made no attempt to remove material from blow- 
holes in solid strips submitted to electrolysis as it was in the samples as taken. It is 
difficult to believe that these samples contained only 0.002 to 0.006 per cent total oxy- 
gen. We feel that Dr. Chipman’s results are low, although we may be too high. We 
are not willing to admit that we are as much in error as the results of the vacuum- 
fusion method indicate. Much of the disagreement is probably due to the irregular 
distribution of oxides. Further work on more homogenous samples is needed to get 
a comparison of the various methods. 

C. H. Hebtt,* Jr., Bethlehem, Pa. — ^AU this means is that we have to be coopera- 
tive to have a method for the determination of oxygen in pig iron. 


* Research Engineer, Bethlehem Steel Co. 



Cooperative Study of Methods for the Determination of 
Oxygen in Steel 

By J. G. Thompson,* H. C. Vachbr* and H. A. Bright* 


(New York Meetings, February, 1936, and February, 1937) 

The methods employed for the determination of oxides and oxygen in 
ferrous materials may be roughly classed in two groups, ^Vef' methods 
and ‘^hot” methods, the first group including the iodine, electrolytic, 
mercuric chloride, hydrochloric acid, nitric acid, and chlorine methods; 
the second group including the vacuum-fusion and hydrogen-reduction 
methods. The wet methods depend upon preferential solubility in a 
selected medium to separate the metallic portion of the sample from the 
oxygen-containing constituents. Subsequent analysis of the insoluble 
residue permits the isolation and separate determination of individual 
oxides and compounds. The hot methods depend upon the reduction 
of the oxide constituents of the sample by means of carbon or hydrogen 
at elevated temperatures. With the exception of the recently developed 
fractional vacuum-fusion method, the hot methods do not identify 
individual oxides and compounds but yield only a single value represent- 
ing the sum of the oxygen contents of several or all of the oxide con- 
stituents present. With such diversity in the principles and aims of the 
different groups, it is not surprising that concordance of results by differ- 
ent methods has usually been dijficult to obtain. 

The present cooperative attempt to define more rigorously than has 
been possible heretofore the accuracy and limits of usefulness of the vari- 
ous methods, originated in correspondence between Dr. John Johnston, 
Director of Research of the United States Steel Corporation, and other 
interested metallurgists. The plan was, briefly, to submit identical 
samples to a number of laboratories for analysis by different methods and 
to collate the results of these analyses. The project was endorsed by the 
Iron and Steel Division of the American Institute of Mining and Metal-, 
lurgical Engineers at the annual meeting in February, 1933, and has been 
conducted under the joint sponsorship of the Iron and Steel Division and 
the National Bureau of Standards. The latter organization undertook 


Manuscript received at the office of the Institute Dec. 30, 1935; revised Sept. 23, 
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the preparation and distribution of sample material and the collection of 
data from the cooperating laboratories. The preliminary stages of the 
undertaking, described in progress reports^ to the Iron and Steel Division, 
included the following items: 

The study was limited to simple steels, i.e., plain carbon steels, to 
avoid complications introduced by the presence of alloying elements. 

Seven plain carbon steels and one open-hearth iron were selected, 
covering a range in carbon, silicon, manganese, sulphur, phosphorus and 
oxygen contents. The selection was made chiefly from commercially 
available steels representing different melting and deoxidation practices 
to insure the presence in the different steels of different combinations and 
amounts of oxygen. Messrs. R. F. Mehl and C. H. Herty, Jr., procured 
the seven steels and the open-hearth iron recorded in Table 1, through 
the cooperation of the Jones and Laughlin Steel Corporation, the Carnegie 
Steel Company, and the American Rolling Mill Company. 

For each of the eight compositions a portion of a single large ingot 
was selected, so as to obtain material as free as possible from vertical 
segregation. This section of the ingot, about 500 lb., was hot-rolled 
into rod approximately one inch in diameter. The material was con- 
verted into 1-in. rods to permit the use of a complete cross section of the 
rod, representing a complete cross section of the ingot, for the sample for 
each analysis. DiflBiculties in sampling, as a result of unavoidable varia- 
tions in composition from skin to core, were thus avoided. 

Each 500-lb. rod was divided into sections for convenience in handling, 
each section being marked to identify its relative position in the rod as 
rolled. The uniformity of the oxygen content along the length of each 
rod was established by vacuum-fusion analyses of samples taken at 
intervals throughout a length of rod sufficient to supply the desired 
amount of sample material. The maximum difference between the high- 
est and lowest oxygen values for each of the seven steels was 0.003 per cent 
and for the open-hearth iron, with its higher oxygen content, the maxi- 
mum difference was 0.01 per cent. These results indicated that the 
portion of each rod selected for sample material was satisfactorily uniform 
from end to end in oxygen content. Although some of the cooperating 
laboratories have ascribed their difficulty in obtaining check results, 
particularly in steel 3, to segregation of oxygen in the samples, there are 
no grounds for belief that there is enough segregation of oxygen to 
account for the discrepancies in results obtained by different cooperators 
using the same method of analysis. 

Further study of possible segregation, both longitudinal and trans- 
verse in the rods, was made as follows: Transverse sections at intervals 
along the length of the selected portion of each rod were roughly polished 


* Mining and Metallurgy (1934) 16, 216; (1936) 16, 184. 
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with IG emery paper and etched from 10 to 15 min. in 1:1 hydrochloric 
acid at 70® C. The characteristic pattern developed in each of the eight 
steels (Fig, 1) clearly indicated differences between the core and outer 
areas of most of the steels, but no significant difference could be detected 
in samples from different positions in the same rod. Two steels. Nos. 
1 and 7, in which deep etching indicated definite segregation, were studied 
to see if the oxygen content was correspondingly nonuniform. Oxygen 
determinations were run by the vacuum-fusion method on samples 
representing: (1) a complete cross section of each rod and (2) the core, the 
outer areas having been removed in a lathe. The results were as follows: 
steel 1, the complete cross section (0.96-in. dia.), 0.019 per cent of oxygen; 
the core (0.357-in. dia.), 0.033 per cent of oxygen. Likewise, in iron 7 the 
complete cross section (1.25-in. dia.) contained 0.112 per cent of oxygen 
and the core (0.494-in. dia.) contained 0.128 per cent of oxygen. Evi- 
dently the segregation revealed by deep etching includes segregation of 
oxygen. The necessity for using a complete cross section of a rod for the 
sample in each determination of oxygen or oxides is evident. 

An obvious precaution in the preparation of samples for the determina- 
tion of oxygen or oxides is the removal of the oxygen-rich scale resulting 
from hot-rolling. To insure uniformity in this respect, it was recom- 
mended that each cooperator reduce the diameter of iron 7 to 1.25 in. 
and the diameter of each of the other steels to 0.95 in., in a lathe just 
before preparing the analytical samples. 

At the completion of the exploratory examination the rods were cut 
into 1-ft. lengths, each being marked to identify its position in the original 
rod. Each 1-ft. length was cut into two 6-in. lengths, one for analytical 
samples and the other to be retained for reference. Bundles of eight 
6-in. rods, one from each of the eight steels, were prepared for the 
cooperating laboratories. 

Meanwhile correspondence had been conducted with laboratories in 
this country and abroad, that were known to be interested in the deter- 
mination of oxygen in ferrous materials. By May 1, 1934, when the first 
bundles of samples were ready for distribution, 21 laboratories had agreed 
to participate. Additional laboratories subsequently expressed their 
desire to cooperate, so that the present summary (August, 1936) includes 
results from 34 laboratories, as follows: 20 in the United States, 5 in 
Great Britain, 4 in Germany, and one each in Canada, Italy, Japan, 
Russia and Sweden. The laboratories whose reports are the basis for 
the present summary are listed in Table 2, together with identification 
numbers and indications of the methods of analysis employed. Several 
of the laboratories reported results by more than one method of analysis. 
Consequently there are available 15 reports of determinations by the 
vacuum-fusion method, 11 by the iodine method, 7 by the electrolytic 
method, 4 by the hydrogen-reduction method, 3 by the chlorine method. 




Fig. 1 . — Appearance op the bight standard sample steels after deep etching in 1:1 HCl. 
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Table 2. — Cooperating Laboratories and Methods Employed 


Laboratory 

Battelle Memorial Institute, Columbus, Ohio. 

S. Epstein, Metallurgist. 

United States Steel Corporation, Kearny, 

N. J. 

John Johnston, Director of Research; 
T. E. Brower, B. M. Larsen, 

Mining and Metallurgical Advisory Boards 
to the Carnegie Institute of Technology, 
Pittsburgh, Pa. 

C. H. Herty, Jr., Director of Research; 
J. F. Sanderson, B. E. Sockman. 

Inland Steel Co., Indiana Harbor, Ind. 
Frank W. Scott. 

British (Guest Keen Baldwins) Iron and 
Steel Co. Ltd., Port Talbot, Wales. 

F. F. Hunting, Chief Metallurgist; N. 
Gray, Chief Chemist. 

Babcock and Wilcox Tube Co., Beaver Falls, 
Pa. 

Newell Hamilton, Research Metallurmst. 
Bethlehem Steel Co., Inc., Bethlehem, Pa. 

P. E. McICinney, Metallurgical Engineer; 
George F. Stammler. 

Department of Engineering Research, Uni- 
versity of Michigan, Ann Arbor, Mich. 
John Cmpman, Research Engineer; M. G. 
Fontana, C. L. Raynor. 

English Steel Corporation, Ltd., Sheffield, 
England. 

T. R. Walker, Chief Research Chemist. 
Lukens Steel Co., CoatesviUe, Pa. 

W. G. Hampton, Metallurgical Engineer. 


Research Institute for Iron, Steel, and Other 
Metals, Sendai, Japan. ^ | 

T. Ishiwara, Director; T. Yajima. 

S K F Industries, Inc., Philadelphia, Pa. 

Haakon Styri, Director of Research. 

Electro Metallurgical Co., Niagara Falls, 
N. y. 

Thomas R. Cunningham. 

Bell Telephone Laboratories, New York, N. Y. 

J. H. Scaff. 

Kaiser Wilhelm Institut fCir Eisenforschung, 
Dusseldorf, Germany. 

F. K6rber, Director. 

Ontario Research Foundation, Toronto, 
Canada. 

0. W. Ellis, Director of Metallurgical 
Research; J. R. Gordon, ■ Research 
Metallur^t. 

Kohle u. Eisenforschung GMBH Forschungs- 
institut, Dortmund, Germany. 

E. H. Schulz, Director. 


Metallografiaka Institutet, Stockholm, Swe- 
den. 

Carl Benedicks, Director; G. Phragm4n, 
Metallographer. 

American Rolling Mill Co., Middletown, 
Ohio. 

A. H. Thomas, Supervisor, Service Testing 
Laboratories; D. L. Reck, Research 
Engineer; 0. B. Ellis, Chemist. 

Fried. Krupp Aktiengesellschaft Guszstahl- 
fabrik, Essen, Germany. 

P. Klinger, Chief Chemist. 


Microscopical examination and inclusion 
count. Metals & Alloys (1931) 2, 186. 
Hydrogen-reduction method. Trans. A.L- 
M.B. (1934) 113, 61. 


Electrolytic method as described by Fitterer 
et al. U. S. Bur. Mines Report of Intedi- 
gations 3205 (May, 1933). 


Electrolytic method. Ind. & Eng. Chem., 
Anal. Ed. (1932) 4 , 121. 
Hydrogen-reduction method. Sample melted 
with antimony and tin. 


Vacuum-fusion method. Trans. A.LM.E 
(1934) 113, 111. 

Iodine method, essentially that of cooperator 
No. 13. 

Vacuum-fusion method. Ind. & Eng. Ckem., 
Anal. Ed. (1935) 7,391. 


Iodine method of Cooperator No. 13. 

Nitric acid residue method. Jnl. Iron and 
Steel Inst. (1926) 113, 177. 

Iodine method. Solution by Willems’ 
method. Archiv f. d. EisenhUttenwesen 
(1928) 1, 655; analysis of residue by method 
of cooperator No. 13. 

Vacuum-fusion method. Includes features 
of several procedures. 

Electrolytic method. Trans. A.I.M.E. 
(1933) 106, 185; Metals & Alloys (1934) 5, 
96. 

Iodine method of Cunningham and Price. 
Ind. (k Eng. Chem., Anal. Ed. (1933) 6 , 27. 

Vacuum-fusion method. Metals <& Alloys 
(1933) 4 , 7. 

Vacuum-fusion method. Mitt. Kaiser-Wil- 
helm Inst. f. Eisenforsch. Diisseldorf (1931) 
13, 215. 

Chlorine method. Ibid. (1927) 9 , 195. 

Iodine method of cooperator No. 13. 


Chlorine method. Mitt. Forsch. Inst. Ver 
Stahlwerke A. G. Dortmund (1930) 1, 231; 
Chem. FaJbrik (1929) 2 , 51. 
Hydrogen-reduction method. Stahl u. Eisen 
(1920) 40 , 812; Archiv. f. d. EisenhUtten- 
wesen (1929-30) 3, 459. 

Vacuum-fusion method. Jernkontorets Ann. 
(1931) 114 , 549. 


Electrolytic method of cooperator No. 3. 
Iodine method of cooperator No. 13. 


Vacuum-fusion method, presumably. Archiv 
f. d, EisenhUttenwesen (1932) €, 189. 

Analysis as described in Stahl u. Eisen (1925) 
45 , 1559. 

Chlorine method. Archiv. f. d. EisenhUtten- 
wesen (1933—34) 7, 618. 

Mercuric chloride method. Ibid. (1934r-35) 
8, 391. 

Electrolytic methods. (A), Ind. cfc Eng. 
Chem., Anal. Ed. (1932) 4 , 121; (B), Jern- 
kontorets .Ann. (1932) 116 , 166. 
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Table 2. — (Continiced) 


Number 
of Coop- 
erator 


Laboratory 


Method 


21 


22 


24 


25 

26 


27 


Istituto Scientifico Tecnico Ernesto Breda, 
Milano, Italy. 


United Steel Companies, Limited, Stocks- 
bridge, Enj^and. 

T. Swinden, Director of Research. 

Westinghouse Electric and Manufacturing 
Co., East Pittsburgh, Pa. 

T. D. Yensen, Manager, Magnetic Divi- 
sion; Wilson Scott, N. A. Ziegler. 

A. O. Smith Corporation, Milwaukee, Wis. 

S. L. Hoyt, Director of Metallurgical Re- 
search; M. A. Scheil, Research Metallur- 
gist. 

Babcock and Wilcox Co., Barberton, Ohio. 

J. B. Romer, Chief Chemist. 

School of Mines, Columbia University, New 
York, N. Y. 

William Campbell, Professor of Metal- 
lurgy; S. W. Poole. 

Department of Metallurgy, University of 
ShefiSeld, Sheflaeld, England. 

J. H. Andrew, Professor of Metallurgy, 


Vacuum-fusion method. Archiv f. d. JEiaen- 
hUttenwesen (1932) 6, 189. 

Iodine method. Essentially method of co- 
operator No. 13. 

Iodine method of Rooney and Stapleton 
Jnl. Iron and Steel Inst. (1935) 131, 249 

Vacuum-fusion method. Trans. Amer. Elec- 
trochem. Soc. (1932) 62 , 109. 


Fractional vacuum-fusion method. Trans. 
A.I.M.E. (1934) 113 , 82. 

Microscopical examination. Trans. A.I.M.E. 
(1935) 116 , 405. 

Mercuric chloride method. Archiv f. d. 
EisenhUUenwesen (1934-35) 8 , 391. 
Microscopical examination. 


Iodine and vacuum-fusion methods. Iron 
and Steel Inst., 6th Report of the Hetero- 
geneity of Steel Ingots (1935) Sec. 3, 50 and 


28 

29 


30 


31 


32 


33 

34 


Youngstown Sheet and Tube Co., Youngs- 
town, Ohio. 

G. A. Reinhardt, Director of Research 
and Metallurgy; Francis M. Walters, 
Jr., Research Engineer. 

National Bureau of Standards, Washington, 
D. C. 

H. S. Rawdon, Chief, Division of Metal- 
lurgy; J. G. Thompson, H. C. Vacher, 
H. A. Bright. 

War Department, Watertown Arsenal, 
Watertown, Mass. 

G. F. Jenks, Colonel, Ordnance Depart- 
ment, U. S. A., Commanding Officer; 
A. Sloan, P. R. Kosting, M. B. Gruzdis. 

National Physical Laboratory, Teddington, 
England. 

C. H. Desch, Superintendent, Metallurgy 
Department. 


Central Institute of Metals, Leningrad, 
U. S. S. R. 

B. Selivanoff, General Scientific Manager; 
Gr. Weinberg, Metallurgist; M. Janow- 
sky. Chief of the Chemical Laboratories. 
Illinois Steel Co., Chicago, HI. 

M. A. Grossmann, Director of Research; 
Miss M. Baeyertz. 

Institut filr Eisenhattenkunde der Tech- 
nischen Hochschule, Aachen, Germany. 
W. Eilender, Director. 


Vacuum-fusion method. Nat. Bur. Stds 
Jnl. of Research (1931) 7 , 375. 


Vacuum-fusion method. Nat. Bur. Stds 
Jnl. of Research (1931) 7 , 376. 

Iodine method of cooperator No. 13. . 
Hydrochloric acid residue method. IHd 
(1932) 9 , 615. 

Iodine method of cooperator No. 13. 
Electrolsrtic method of cooperator No. 3. 


Iodine method of Rooney and Stapleton. 
Jnl. Iron and Steel Inst. (1935) 131 , 249. 

Vacuum-fusion method. Sloman. Iron and 
Steel Inst., 6th Report of the Heterogeneity 
of Steel Ingots (1935) Sec. 4, 71. 
Hydrogen-reduction method. Report of the 
Central Inst, of Metals (1935) 18 , 449. 


Microscopical examination. 


Vacuum-fusion method, graphite-spiral fur- 
nace. 


2 by the mercuric chloride method, and one each by the nitric acid and 
hydrochloric acid residue methods. These reports represent more than 
2000 analytical determinations. Three reports of microscopical examina- 
tions also are available. 

REVIEW OE DATA OF COOPERATIVE TESTS 

A brief summary of available data was distributed to the cooperators 
in December 1935, primarily to enable each cooperator to compare his 
results with those of others using the same method. The data likewise 
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were presented for discussion before the Iron and Steel Division in 
February 1936, and it was agreed that a critical review of these data could 
be better and more authoritatively accomplished by a Rmall group, com- 
prising experts in the various methods of analysis, rather than by one or 
two individuals. A subcommittee of the Iron and Steel Division was 
therefore appointed, as follows: 

John Chipman, Chairman (American Rolling Mill Co.), 

J. J. Egan (Union Carbide and Carbon Research Laboratories), 

C. H. Herty, Jr. (Bethlehem Steel Company), 

S. L. Hoyt (A. 0. Smith Corporation), 

John Johnston (United States Steel Corporation). 

On May 14, 1936, the committee, with Messrs. Hosrt and Johnston 
represented by M. A. Scheil and B. M. Larsen, respectively, met with 
representatives of the National Bureau of Standards (J. G. Thompson, 
H. C. Vacher, H. A. Bright) and with the following who were present 
by invitation: 

Thomas R. Cunningham (The Electro Metallurgical Company), 
Frank W. Scott (Inland Steel Co.), 

0. B. Ellis (American Rolling Mill Co.), 

Louis Jordan (Assistant Secretary, American Institute of Mining and 
Metallurgicai Engineers). 

To facilitate the review of the data, the committee was divided into 
two sections to consider the data for the “hot” and “wet” methods of 
analysis, respectively, as follows: 

Hot Methods, Messrs. Chipman, Larsen, Scheil, Jordan, Vacher, 
Thompson. 

Wei Methods, Messrs. Herty, Egan, Cunningham, Scott, Ellis, Bright. 
Since more data were available for the vacuum-fusion and iodine 
methods than for any of the others, attention was first directed to a 
review of these methods, data for other methods of analysis being reserved 
for subsequent consideration. After two days of intensive study of the 
two types of methods, the two sections combined for general discus- 
sion. The results of all the deliberations are summarized in the follow- 
ing paragraphs. 


The Vacxjum-pitsion Method 

The principles upon which the vacuum-fusion method, for the deter- 
mination of total oxygen in iron or steel, is based, are briefly as follows: 

The sample is melted in a graphite crucible contained in a highly 
evacuated furnace. Under these conditions, occluded and dissolved 
oxygen is liberated, and the various oxide and silicate combinations that 
exist in ferrous materials are rapidly and completely reduced. In the 
usual procedure, determination of the amount of carbon monoxide in the 
gases evolved from the sample furnishes a value for the total oxygen 
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content of the material but does not indicate the relative amounts of the 
various compounds of oxygen that were present. In the recently 
developed fractional vacuum-fusion method, values for the individual 
oxides are obtained by reduction of the sample in stages, at successively 
increased temperatures, with separate analysis of the gases evolved in 
each stage. The vacuum-fusion method permits the simultaneous deter- 
mination of nitrogen and hydrogen, as well as oxygen, in a single sample. 

Table 3. — Percentages of Oxygen Obtained by the Vacuum-fusion 

Method 


Steel 1 

Steel 2 

Steel 3 

Steel 4 

Steel 5 

Steel 6 

Steel 7 

Steel 8 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

Per 

Cent 

Co- 

op- 

era- 

tor 

0.0215 

6 

0.018 

15 

0.0235 

23 

0.0055 

6 

0.014 

23 

0.0085 

6 

0.125 

31 

0.022 

6 

0.021 

14 

0.0175 

27 

0.023 

27 

0.005 

24 

0.013 

6 

0.008 

29 

0.112 

15 

0.022 

27 

0.021 

28 ! 

0.016 

29 

0.021 

24 

0.004 

15 

0.012 

24 

0.0075 

28 

0.110 

6 

0.0195 

23 

0.020 

20 

0.016 

18 

0.020 

31 

0.004 

27 

0.011 

29 

0.007 

16 

0.110 

8 

0.019 

15 

0.020 

31 

0.016 

31 

0.0195 

29 

0.003 

20 

0.0105 

27 

0.006 

24 

0.107 

29 

0.019 

31 

0.0195 

24 

0.014 

24 

0.019 

15 

0.0025 

28 

0.010 

15 

0.006 

27 

0.107 

14 

0.0185 

28 

0.019 

34 

0.014 

34 

0.017 

8 

0.0025 

18 

0.010 

31 

0.0055 

8 

0.107 

34 

0.018 

14 

0.019 

29 

0.013 

8 

0.017 

14 

0.0025 

14 

0.0085 

8 

0.0055 

18 

0.105 

28 

0.017 

29 

0.018 

15 

0.013 

20 

0.0145 

28 

0.002 

29 

0.008 

18 

0.005 

21 

0.105 

18 

0.017 

18 

0.018 

23 

0.013 

28 

0.014 

21 

0.002 

31 

0.0075 

21 

0.005 

34 

0.103 

24 

0.016 

8 

0.0175 

11 

0.0125 

11 

0.014 

18 

0.0015 

8 

0.007 


0.005 

31 

0.103 

23 

0.0155 

24 

0.017 

8 

0.012 

21 

0.014 

20 

0.001 

21 

0.007 

20 

0.006 

20 

0.100 

21 

0.015 

20 

0.016 

18 

0.0115 

6 

0.013 

11 

0.001 

11 

0.0065 

11 

0.004 

14 

0.100 

20 

0.0145 

34 

0.0145 

21 

0.0115 

23 

0.0115 

6 

0.0000 

23 

0.0065 

28 

0.003 

11 

0.100 

27 

0.0145 

21 

0.009 

27 

0.004 

14 

0.011 

34 



0.0065 

34 

0.003 

23 

0.096 

11 

0.014 1 

11 


Fifteen reports of determinations by the vacuum-fusion method were 
available for consideration. Some of the cooperators reported the results 
of individual determinations, others reported only one value for each 
steel. The data are summarized in Table 3, the values given being either 
the preferred values of each cooperator or averages of all the determina- 
tions when a preferred value was not indicated. These data difier in 
some respects from the tabulated data in the preliminary report to the 
cooperators. Two additional sets of results have been included; some 
errors in the originally reported values have been corrected or revisions 
have been made to include results of additional determinations; some of 
the averaged values have been rounded to eliminate meaningless frac- 
tions of one thousandth of one per cent. 

The review of the vacuum-fusion data proceeded along three lines: 

1. Arbitrary establishment of a range of acceptable'^ results for each 
steel, by eliminating scattered high and low results. 

2. Statistical study to determine the apparatus and procedures most 
consistently yielding results within the acceptable ranges. 
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3. Detailed study of apparatus and procedure of each cooperator for 
possible explanation of the ability or failure to obtain consistently 
acceptable results. 

Many of the final conclusions have been based upon consideration of 
all the foregoing criteria, but for convenience in this report the three items 
will be discussed separately. 

0.024 
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U 

^ .014 

>■ 

X 

o .012 

Z 

U 

^ .008 

5 -006 
Q. 
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1 2 3 4 5 6 8 7 

STEEL NUMBER 

Fig. 2. — Vacuum-fusion method, determinations op total oxygen. 

Numbers are those of the cooperators and acceptable values are those within the 
heavily lined boxes. 

The first consideration was that the range of the reported results for 
each steel was too great to be acceptable. Since it is evident that no 
cooperator obtained results consistently higher, or lower, than the others 
for all eight steels and that, in general, the relative position of each 
cooperator within the groups in Table 3 varies considerably from steel to 
steel, the large ranges can be considered to be the result of individual 
experimental errors rather than of consistent differences in apparatus or 
procedure. It is therefore legitimate to eliminate arbitrarily the scattered 
results, either high or low, in order to obtain for each steel a narrowed 
range including the results of a majority of the cooperators. 
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Fig. 2 illustrates the elimination process employed to establish an 
acceptable range of values for each steel. The numbers refer to the 
cooperators; the value obtained by each being indicated by the position 
with reference to the ordinate scale. Acceptable values are those within 
the heavily lined box in each grouping. Possible explanation for the 
elimination of many discarded values will be developed in the considera- 
tion of individual apparatus and procedure. 


Table 4. — Acceptable Ranges and ^^BesV^ Values of Oxygen Content 
According to the Vacuum-fusion Method of Analysis 


steel No. 

Acceptable Range, Per Cent 

“Best” Value, Per Cent 

1 ' 

0.016 to 0.020 

0.018 

2 

0.012 to 0.018 

0.017 

3 

0.014 to 0.020 

0.017 

4 

0.001 to 0.004 

0.002 

5 

0.007 to 0.011 

0.009 

6 

0.005 to 0.008 

0.007 

7 

0.100 to 0.110 

0.106 

8 

0.015 to 0.019 

0.017 


For all the steels except No. 2 the scattered high and low values were 
discarded. For steel 2, which has a manganese content of more than 
1 per cent, it was considered doubtful that any cooperator would obtain 
too high a result. Consequently, only the low results were eliminated. 
The acceptable ranges thus defined for the steels are shown in Table 4. 
Such ranges would be considered satisfactory in determinations of corre- 
sponding amounts of elements such as carbon, sulphur and manganese, for 
which the analytical methods are much more standardized than those for 
the determination of oxygen. Table 4 also shows the values selected 
by the reviewing committee as the ^^best’’ value for the oxygen content of 
each steel according to the vacuum-fusion method of analysis. 

As is evident from Fig. 2, the acceptable range includes a majority of 
the reported values for each steel, but the personnel of the acceptable 
majority varies from steel to steel. Plausible explanations for many of 
these deviations from acceptable results can be derived from consideration 
of the details of apparatus and procedure of the individual cooperators. 
Some of these details, compiled from the reports of the cooperators and 
the published references cited in Table 2, are shown in Table 5. 

From the fact that four cooperators, Nos. 8, 18, 20 and 29, obtained 
results lying within the acceptable range for each of the eight steels, it 
is evident that acceptable results can be obtained in spite of considerable 
variation in apparatus and procedure. Cooperator 20 used a graphite- 
spiral furnace; the other three used high-frequency induction furnaces. 
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1 

p: 

: 

100 grams Fe in 
orucible. 

Low-Mu Fe in 
cruoible. 

Melts sample with 
tin. 

Nine radiation 

screens. 

Other details not 
yet aimilable. 

Gas Analysis 

Low pressure gravimetric 
Low pressure, yoLumetrio 
Atmospherio pressure 
Selective freeaing 

Atmospherio pressure 

Atmospherio pressure (Ober- 
hoffer) 

Atmoepherio pressure (Ober- 
hoffer) 

AimoEqpherio pressure (Meyer 
and Castro) 

Selective breesing 
Atmospherio pressure 

Atmospherio pressure 

Low pressure, volumetric 

Low pressure, volumetric 

Atmospheric pressure 

Aver- 

age 

Time 

of 

Run, 

Min, 

15 

16 

25 

30 

80 

20 

160^ 

20 

15 

15 

20 

Surface of Melt 

Open 

Graphite float 

Funnel top 

Graphite sleeve 

Open 

Graphite filtor 
and valve 

Open 

Open 

Graphite guide 
tube 

Graphite guide 
tube 

Graphite valve 

Num- 
ber of 

sW- 

ples in 
Cru- 
cible 

6 

1-2 

5 

1 

3 

Several 

1 

Several 

5 

1-5 

Several 

Sample 

Wdght, 

Grams 

^ g sS S s s 

1 

^ a 

i| 

<0.00016 

<0.0002 

<0.0002 

0.0003- 

O.OOS 

<0.0002 

0.001 

<0.001 

0.008 

0.0033 

<0.0003 

<0.001 

<0.0001 

6 

1 

3 

Bi 

<0.08 

<0.2 

0.056-0.08 
0.2-3. 1 

0.06 

0.6 

0.16-0.2 

3.3 

0.77 

0.08-0.2 

0.3-0.8 

0.014-0,05 

i 

1 

\ 

\ 

\ 

Sillimanite 

Graphite 

M(^bdenum 

Alundum 

None 

Water«ooIed tube 

None 

Sillimanite 

Graphite 

GrapUte 

Graphite powder I 
and water-cooled 
tube 

Cruoible 

Support 

Pedestal 

Graphite-MgO 

Quarts 

BeO 

Pedestal 

Pedestd 

Pedestal 

Ziroonia 

Graphite-BeO 

Graphite-BeO 

Pedes tal>* 


§i§l iiiglgiiii 

.-<,-.(.-11-4 1-4 1-4 1-41-4 »-4 i-4 

% 

e 

1 

i 

High-frequency induction 
High-frequency induction 
High-frequency induction 
Higb-frequenoy induction 

Sgh-frequenoy induction 

High-frequency induction 

Graphite-spiral 

Graphite-spiral 

High-frequency induction 
High-frequency induction 

Graphite^piral 

High-frequency induction 

High-&equency induction 

High-frequency induction 

Graphite-spiral 

II 
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« C<M>p^tora 14, 23 azid 24 introduce the sampie into a cooled orucible and subsequently raise the temperature to the indicated operating temperature. Other oooperators introduce samples at 
the indicated temperatures. 

Cooperator 31 surrounds the pedestal and the crucible with powdered graphite. • 1-in. rods were forged to about 1 om. diameter to provide sample material. 

0 Based on weight of sample used and time of a determination. ^ Samples not representative of complete cross sections of the 1-ln. rods. 

^ Semi-disks. ^ Total time for determination of FeO, MnO, SlOs and AlsOs fractions. 
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Operating temperatures ranged from 1550° C. for No. 18 to 1900° C. for 
No. 20. The type of crucible support, thermal insulation of the crucible, 
weight of sample, and the method employed for analysis of the evolved 
gases, varied considerably in these four procedures. Three of the four 
employed large furnace connections and four-stage, high-capacity diffu- 
sion pumps for rapid evacuation of the evolved gases from the furnace 
chamber, whereas cooperator 8 obtained acceptable results with a two- 
stage pump and somewhat constricted furnace connections. Protection 
of the quartz furnace tube by an external water jacket, instead of internal 
radiation screens, jdelded acceptable results for cooperator 18, although 
it is interesting to note that Thanheiser and Brauns^ recently reported 
that the interference of manganese, leading to low recoveries of oxygen, 
was more severe when the furnace tube was water-jacketed than when it 
was less drastically cooled by means of a coil of copper tubing. 

The four procedures that yielded acceptable results for all eight steels 
have the following characteristics in common: (1) a low blank correction 
for the apparatus, (2) precautions against interference by manganese, and 
(3) precautions against spattering of the molten sample. The importance 
of these three characteristics, common to all four of these procedures, 
deserves emphasis. A low blank correction, equivalent to not more than 
0.001 per cent of oxygen per determination, is a prerequisite of satisfactory 
operation; larger or variable blank corrections are unsatisfactory for the 
determination of small amounts of oxygen. 

It is the opinion of the reviewing committee that the presence of 
manganese in the sample causes some degree of interference in many of the 
procedures employed in this cooperative analysis because of absorption of 
gas by manganese vapor or sublimate. Higher recoveries of oxygen are 
obtained when the following conditions obtain: (1) the sample is rapidly 
melted, (2) the gases evolved from the sample are rapidly removed from 
the highly evacuated furnace chamber, and (3) the manganese content of 
metal in the crucible is kept low either by dilution of the sample with 
manganese-free iron or by the use of a fresh crucible for each sample. 
Conversely, low recoveries of oxygen from samples that contain manganese 
are obtained if the sample is melted slowly, if the evolved gases are not 
removed rapidly enough, or if several manganese-rich samples are run 
consecutively in the same crucible. Cooperator 20 remarked that “the 
oxygen values for the two manganese-rich samples, 2 and 3, are perhaps 
somewhat low in spite of our precautions.^' On account of the tendency 
towards manganese interference, the “best" value for the oxygen content 
of steel 2 (1.15 per cent of manganese) is probably at or near the top of 
the acceptable range; for each of the other seven steels, the “best" value 
is approximately the mean of the acceptable values. 


® Archiv f.d, EisenhiUtenwesen, (1935-36) 9, 435. 



J. G. THOMPSON, H. C. VACHER AND H. A. BRIGHT 


259 


Spattering as a result of gas evolution from the sample during melting 
or shortly thereafter may result in either high or low errors of considerable 
magnitude. If the spattered globules of molten metal come in contact 
with refractory oxides of the radiation screen or quartz furnace tube, a 
reaction resulting in the formation of CO may occur and cause a high 
value for oxygen. On the other hand, if the portion thrown out from 
the crucible falls to the cold bottom of the furnace tube, the oxygen of that 
portion of the sample is lost. The apparatus of each of the four coopera- 
tors, who obtained consistently satisfactory results, was arranged to 
prevent loss of molten spatters or their contact with hot refractory oxides. 
No. 8 used a graphite float and No. 18 a graphite filter to prevent the 
spattered material from leaving the crucible; No. 20 apparently used a 
deep crucible covered with a graphite funnel in a graphite-spiral furnace 
which did not contain any refractory oxides. In the apparatus of 
cooperator 29, a thin-walled graphite tube extended from the top of the 
crucible to the bottom of the guide tube through which the samples were 
dropped. With this arrangement, any spattered particles struck the 
inner surface of the graphite tube and dropped back into the crucible. 
Only rarely would a spattered particle be evolved with sufficient velocity 
to reach the guide tube. 

Spattering is probably one of the principal causes for the erratic 
results of individual determinations and for the divergence between the 
results of different cooperators. It is significant that the greatest 
divergence of reported results is for open-hearth iron 7, which has the 
largest oxygen content and consequently the greatest tendency to spatter. 
The results for steel 3, although less divergent than the results for iron 7, 
are more divergent than those of other steels of similar oxygen content. 
However, steel 3 is relatively high in nitrogen, hence the total volume of 
gases evolved is appreciably greater than that from other steels of similar 
oxygen content. Consequently the divergence of results for steel 3 
also may be ascribed in part to spattering. It has been previously 
mentioned that gradual melting of the sample is sometimes employed to 
reduce the tendency to spatter, but this procedure apparently increases 
the susceptibility to manganese interference. 

Considering next the two cooperators. Nos. 15 and 31, whose results 
fall within the acceptable ranges for all but one of the steels, we find that 
for iron 7 the results of cooperator 15 are slightly high, whereas those of 
cooperator 31 are decidedly high. The results of cooperator 15 fall con- 
sistently in the upper portions of the acceptable ranges of the other steels; 
there is no obvious explanation for the slightly high results for iron 7, 
unless it is the result of spattering onto the furnace tube. On the other 
hand, the high results of cooperator 31 for iron 7 are undoubtedly the 
result of improper sampling. Each sample used by this cooperator was a 
small cylinder whose long axis was a transverse diameter of the original 
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rod. Such a sample does not represent a complete cross section of the 
original rod but instead contains an undue proportion of core material 
which, in iron 7, is relatively high in oxygen. In the exploratory analyses 
(p. 249) it was found that the oxygen content of a sample representing a 
complete cross section of iron 7 was 0.112 per cent, whereas a sample 
corresponding roughly with the segregated core area contained 0.128 per 
cent. The latter value is in excellent agreement with that obtained from 
the transverse cylindrical samples of cooperator 31. It might be pre- 
dicted, on the basis of the results of the exploratory analyses, that the 
use of these nonrepresentative samples would lead to high results for 
steel 1 as well as for iron 7. However, this was not so; the results of 
cooperator 31 are within the acceptable range, although frequently at or 
near the top, for all the steels except No. 7. In describing his procedure, 
this cooperator stated that manganese contents up to 12 per cent and 
aluminum up to at least 2.5 per cent do not interfere with the results of 
the first determination, and that when manganese is present in 
appreciable amounts the furnace is cleaned after each determination. 
The diffusion pump is always kept evacuated and it was stated that 
opening the pump to the atmosphere resulted in absorption of gas on the 
walls of the pump and this absorbed gas could be completely removed 
only after several days of evacuation. 

The remaining cooperators are considered in numerical order. It is 
evident that the results of cooperator 6 are generally high, except for 
steels 2 and 3. Spattering of the melt onto the sillimanite radiation 
screen may account for some of the high results; manganese interference 
may be blamed for the low results for steels 2 and 3. 

The results of cooperator 11 are generally low in comparison with the 
majority, perhaps because of loss by spattering. Ericson and Benedicks^ 
reported that spattering occurred in crucibles similar to those used by 
cooperator 11. Since in the apparatus the crucible was supported on and 
centered by small blocks of quartz, contact of quartz with the hot graphite 
crucible might be expected to result in the evolution of carbon monoxide. 
That this did not occur to any appreciable extent is indicated by the low 
blank correction for the apparatus and by the fact that low recoveries of 
oxygen from the samples were generally obtained. 

The results of cooperator 14 are within the acceptable ranges for 
five of the steels, with only steel 2 more than 0.001 per cent away from 
the acceptable values. The reported blank corrections varied from steel 
to steel. The low result for steel 2 presumably represents the interfer- 
ence of manganese, intensified by introducing the sample into a cooled 
crucible with subsequent slow melting. Cooperator 14 suggested that 
the slow melting procedure may promote ^the agglomeration of silica or 
silicates, if present, into large particles, which are reduced slowly and with 

3 J emkorUorets Ann. ( 1931 ) 114 , 667 . 
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difficulty. Low recoveries of oxygen, therefore, might be obtained from 
slowly melted samples that contained silica or silicates, irrespective of 
the manganese content. 

Cooperator 21 used a graphite-spiral furnace and expressed dissatis- 
faction with the results obtained. Changing the apparatus by increasing 
the diameter and decreasing the length of the connections between furnace 
and train slightly improved the operation. Errors were ascribed by this 
cooperator to: (1) spattering of the molten bath and (2) absorption of gas 
by metallic vapors and sublimates, by graphite ash, and by the graphite 
itself in the cooler portions of the furnace. 

The apparatus of cooperator 23 appears to be subject to criticism for 
the following reasons: (1) a high blank correction, (2) slow melting of the 
sample, (3) use of a single crucible for several samples, and (4) spattering 
from the open crucible, which may have attacked the silica furnace tube 
or dropped to the bottom of the tube and been lost. Combinations of 
these factors can account for the lack of agreement in some of the duplicate 
determinations and for the considerable variation in the relative position 
of the results with respect to those of other cooperators for the differ- 
ent steels. 

The fractional vacuum-fusion method is represented in this report by 
the results of only one cooperator, No. 24. While the values obtained for 
total oxygen from the separate fractions are usually within the acceptable 
range, they are slightly high for steels 3, 4 and 5. Comparison of the 
values obtained for the separate fractions with the results of the wet 
methods is given in a later section. 

The results of cooperator 27 are within the acceptable ranges except 
that those for steel 1 are low and those for steels 3 and 8 are high. Spat- 
tering from the open crucible may be the cause of the low results for steel 
1. An unusual feature of the apparatus used is the set of nine radiation 
screens to retain the heat developed in the graphite spiral. The mass of 
hot graphite appears to be a potential source of error. Cooperator 27 
stated his belief that with this apparatus, with its large-diameter furnace 
outlet and rapid removal of the gases by means of a high-capacity pump, 
interference from manganese contents up to 3 per cent or from aluminum 
contents up to 2 per cent is avoided. The high values obtained for steels 
2 and 3 tend to substantiate this belief. 

Equipment for vacuum-fusion analyses was installed only recently by 
cooperator 28. Average results within the acceptable range were 
obtained for six of the eight steels, although the divergence between 
duplicate determinations undoubtedly will be decreased with additional 
experience in the operation of the apparatus. 

The receipt of the report of cooperator 34 was belated; details of the 
apparatus and procedure are not at present available, except that a 
graphite-spiral furnace was used. 
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Recommendations for Determination of Oxygen by Vacuum-fusion Method 

A study of the results and of the apparatus and procedures, according 
to the information available in these cooperative analyses, leads to the 
following recommendations for the determination of oxygen by the 
vacuum-fusion method: 

1. Furnace Construction. — Either high-frequency induction furnaces 
or a graphite-spiral resistor may be used. The presence of refractory 
oxides in the furnace chamber is undesirable, particularly if they are 
hot or in contact with hot graphite; beryllium oxide appears to be 
least objectionable. 

2. Analysis of Evolved Gases. — ^The selection of a procedure and 
apparatus for the analysis of the gases evolved from the sample is appar- 
ently a matter of personal preference. The determination may be made 
volumetrically or gravimetrically, at low pressure or at atmospheric 
pressure, or by selective freezing. 

3. Procedure. — Complete reduction of the oxides in these steels can 
be obtained in a reasonable time at temperatures as low as 1550° C. 
Preliminary '^outgassing^^ of the furnace is accomphshed at a temperature 
about 200° C. higher than the operating temperature. The pressure in 
the furnace at operating temperature should be 0.001 mm. Hg, or less, at 
the beginning of a determination. The blank correction for the apparatus 
should not exceed 0.001 per cent of oxygen per determination. The size 
of the sample depends upon the storage capacity of the apparatus and on 
the oxygen content of the material, but the sample must be representa- 
tive. Spattering of the melting sample or of the molten bath should be 
prevented, but a satisfactorily reliable and convenient means of accom- 
plishing this end has not yet been developed. The evolved gases should 
be removed rapidly and completely from the furnace chamber to avoid 
secondary reactions with the walls and contents of the furnace. A four- 
stage, mercury-dififusion pump of high capacity is frequently employed; 
constricted or relatively long connections between the furnace and the 
diffusion pump are not recommended. 

4. Manganese Interference. — ^The presence of 0.5 per cent or more 
manganese constitutes a potential source of error in the apparatus gener- 
ally used, either as a result of the presence of manganese as vapor in the 
furnace chamber or condensed on the furnace walls, or both. Established 
precautions to minimize the error from this source include: (a) the rapid 
and complete removal of evolved gases from the furnace chamber, (6) the 
use of a fresh crucible for each determination or dilution of the sample 
with manganese-free iron, (c) frequent cleaning of the furnace chamber. 
The minimum manganese content that will produce a noticeable error 
apparently varies with the construction of the apparatus and with the 
procedure. Two of the cooperators, Nos. 27 and 31, believe that their 
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procedures are free from error hy interference from manganese content 
up to 3 and 12 per cent, respectively. Experiments on steel 2 at the 
National Bureau of Standards (unpublished) showed that two and some- 
times three consecutive samples could be melted in the same crucible 
without appreciable error from manganese interference, provided that a 
high-capacity pump was used. On the other hand, when a pump of lower 
capacity was used, with somewhat higher furnace pressure, error from this 
source was noticeable in the second determination. It was also found 
that the determination of oxygen in steel 2 was affected somewhat by the 

Table 6. — Determinations of Nitrogen 


Nitrogen, Per Cent 


Steel No 

1 

2 

3 

4 

5 

6 

7 

8 

Vacuum-fusion method: 









Cooperator 8 

0.0025 

0.0044 

0.015 

0.005 

0.004 

0.005 

0.0045 

0.004 

11 

0.0024 

0.0024 

0.014 

0.0046 

0.004 

0.004 

0.003 

0.003 

14 

0.0019 

0.0038 

0.011 

0.0035 

0.003 

0.0035 

0.0055 

0.0035 

18 

0.003 

0.005 

0.010 

0.0088 

0.006 

0.005 

0.008 

0.005 

24 

0.003 

0.003 

0.015 

0.002 

0.002 

0.003 

0.004 

0.0025 

29 

0.003 

0.005 

0.016 

0.006 

0.005 

0.006 

0.005 

0.005 

Solution-distillation 
method: i 









Cooperator 2 

0.003 

0.006 

0.016 

0.005 

0.004 

0.005 

0.005 

0.004 


Table 7. — Determinations of Hydrogen 

Hydrogen, Per Cent 


Steel No 

1 

2 

3 

4 

5 

6 

7 

8 

Cooperator 11 . . 

0.00014 

0.00016 

0.00013 

0.00007 

0.00009 

0.00007 

0.00054 

0.00017 

18. . 

0.0001 

0.0001 

0.0001 

0.0001 

0.00005 

0.00004 

0.0003 

0.0003 

24. . 

0.0006 

0.0008 

0.0006 

0.0003 

0.0005 

0.0003 

0.0001 

0.0003 

29. . 

0.00002 

0.00009 

0.0002 

0.0002 

0.0002 

0.0003 

0.0004 

io. 00015 

1 


size of the sample, slightly higher values being obtained from the smaller 
samples. A possible explanation is that they melted more rapidly and 
the gas evolution was completed before appreciable evolution of manga- 
nese vapor occurred. This appears to be additional evidence of the 
usefulness of rapid melting of the sample for minimizing error from inter- 
ference by manganese. 

Determinations of Nitrogen and Hydrogen 

Several cooperators reported results for nitrogen and hydrogen as well 
as for oxygen. These are summarized in Tables 6 and 7. The results 
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of different cooperators for nitrogen are in satisfactory agreement, allow- 
ance being made for an occasional high or low result. Low values may be 
the result of loss of the sample by spattering; high results may indicate 
nitride segregation. The good agreement of the single set of results by 
the solution-distillation method with those obtained by vacuum fusion 
indicate that both methods are dependable in determining the nitrogen 
content of these steels. 

The results of the four cooperators who determined hydrogen by the 
vacuum-fusion method indicate that the hydrogen content for each of 
the eight steels is less than 0.001 per cent. 

The Iodine Method 

In the iodine method for determining oxides in steel, the sample is 
treated with a suitable solution of iodine. Iron, silicon and manganese 
are dissolved and a residue of carbonaceous material (carbides in certain 
cases) and unattacked oxides remains. 

In the procedure described by Cunningham and Price (see reference. 
Table 2, cooperator 13 ), a sample weighing from 5 to 10 grams is treated 
at 3 ® to 5 ° C. in a stoppered flask with an aqueous solution of iodine in 
ferrous iodide^. By the method of Rooney and Stapleton (see reference, 
Table 2 , cooperator 31 ) the sample is treated with a solution of iodine in 
anhydrous methyl alcohol (70 grams of iodine in 600 ml. of alcohol). 
Rather elaborate precautions are necessary to exclude all moisture and 
oxygen from the solvent and containers while the steel is dissolving and 
during filtration of the resulting solution. Willems (see reference. Table 
2, cooperator 10) has recommended the use of a solution of iodine in 
absolute ethyl alcohol and filtration through an ultrafilter. 

The proponents of the alcoholic iodine solutions claim that higher 
recoveries of oxides of iron and manganese are obtained with these solvents 
than with aqueous solutions of iodine in ferrous and potassium iodide. 

The values for AI2O3, Si02, MnO and FeO obtained by the cooperators 
are given in Tables 8, 9 , 10 and 11®. Reports were submitted by 12 
cooperators, though not all reported values for all of the eight steels. 
Eight cooperators used an aqueous iodine solvent, essentially the procedure 
described by Cunningham and Price; three used a solution of iodine in 


^Prepared as follows: To 5 grams of plain carbon-steel drillings in a 300-ml. 
Erlenmeyer flask are added 25 ml. of water, 4 grams of ammonium citrate and 30 grams 
of iodine. The flask is shaken for several minutes in ice water and then 30 grams of 
additional iodine is added. The shaking is continued until all the iodine has dis- 
solved, whereupon the solution is filtered. The total volume of the filtrate and wash- 
ings should not exceed 75 ml., and this amount of solution is sufiScient for a 5-gram 
sample. In larger samples, proportionately more solvent is used. 

® Total Al, Si, Mn and Fe in the insoluble residues are reported as the single oxides, 
which may exist in the steel as such, or in combination as silicates or spinels. 



Table 8. — Determinations of AI2O3 by the Iodine Method 


J. G. THOMPSON, H. C. VACHER AND H. A. BRIGHT 


00 

Coop- 

erator 

0) 

Per 

Cent 


Coop- 

erator 

1 

ao 

Per 

Cent 

«D 

Coop- 

erator 

1 

OQ 

Per 

Cent 

U3 

Coop- 

erator 

'23 

S 

ZQ 

Per 

Cent 


Coop- 

erator 

1 

Per 

Cent 

CO 

Coop- 

erator 

-3 

0 

OQ 

Per 

Cent 


Coop- 

erator 

■o 

1 

OQ 

Per 

Cent 

1— < 

Coop- 

erator 

'0 

0 

OQ 

Per 

Cent 


o 


Ph 


o 

z 

z 


I 


o 


a> 

os 

i> 0 

rH 

CO 

os 



CO 

CM 

rH 


<N 

00 

N. 10 


■ 


CO 

CM 

CM CM 

rH 

rH 


0 

0 

0 0 

0 



d 

d 

0 0 

d 

s 


0 

rH 

0 OS 

os 

1 > 

0 


CM 

t-H i-H 

CM 


CO 

0 

00 


CO 
1 — ( 

0 

0 

CM 

tH 

1-1 0 

0 

0 

8 

0 

0 

0 0 

0 

0 

d 

d 

0 0 

d 

d 

d 

a 


»— 1 0 

CO 





CM CO 




00 

up 

CO CM 

e 

0 



00 

0 

0 0 

0 



0 

0 

0 0 

0 



d 

d 

0 0 

d 



Oa 


OS 1 > 

CO 

0 



CM 

CM 

rH 

CO 


CO 

CM 

§8 

e 

0 

0 



0 

8 

0 


0 

0 

0 0 

0 


d 

d 

0 0 

d 

d 


a> 

tH 

os 

CO 

0 

os 


<N 

CM 

rH 

CO 

rH 







10 

tH 

up 


CO 

CM 

CM 

0 

T— 1 

0 

888 

0 

0 

0 

0 

d 

d 

0 0 

0 

0 

d 

0 

CD 

^ 0 

OS 


os 


iH 

CM CO 

tH 


CM 

1“^ 

CO 

1 C CO 

CM 

0 

0 

(M 

0 

0 0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

d 

d 

d d 

0 

d 

d 

a 

0 

i-< os 

OS 


0 


CO 

CM CM 

rH 


rH 

os 


CO CM 

rH 

0 

e 

0 

CO 

0 

0 0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

d 

d 

0 0 

d 

d 

d 

os 

0 

T— H OS 

os 


CD 


CO 

CM rH 

CM 


tH 




CO 


e 

0 

up 

CO CM 

0 

0 

0 


0 

0 0 

0 

0 

8 

0 

0 

0 0 

0 

0 

d 

d 

d 0 

0 

0 0 1 


§ 

i 

o 

0 

Pi 

fii 

1 

H 

g 

QQ 


Z 

O 


CM 

Is. 


CM 

CM 


CO 



CO 

CO 


0 

0 


d 

d 



CM 

rH 

CM 

CM 

CO 

CM 

CM 

0 

CM 

rH 

0 

0 

0 

0 

d 

d 

d 

CM 

rH 


CM 

CO 

CM 

CM 

CD 



CM 

rH 

0 

0 

0 

0 

0 

0 

d 

d 

d 

CM 

rH 


CM 

CO 

CM 

rfH 

CO 


CO 

CM 

rH 

0 

0 

0 

0 

8 

d 

d 

d 


rH 

CM 

CM 

CO 

CM 


CD 

OS 

00 

CD 


0 

0 

0 

0 

0 

0 

d 

d 

d 


CM 

rH 

CM 

CM 

CO 

rH 

S 

t> 

CM 

0 

0 

0 

8 

d 

d 

0’ 

rH 

CM 


CO 

CM 

CM 


ID 


CO 

CD 

CO 

rH 

0 

0 

0 

0 

0 

d 

d 

d 

CM 



CM 

CM 


1 > 



CO 

CM 


0 

q 

8 


d 

d 




266 


® Reported by dash. It is assumed that a determination was made and no detectable amount found. 
^ Reported as trace. 
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* Reported by dasb. 
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anhydrous methyl alcohol as described by Rooney and Stapleton, and 
one employed a solution of iodine in absolute alcohol as described 
by Willems. 

The values obtained by the iodine method vary rather widely among 
themselves. Undoubtedly, inaccurate chemical analysis of the insoluble 
residue is responsible in part. In studying the data of the eight coopera- 
tors who used an aqueous solution of iodine, it was observed that the 
results obtained by some were consistently high or low, and that the 
values obtained by cooperators 7, 13, 19, 21 and 29 were generally in good 
agreement. The selected values'' chosen by the co mmi ttee from the 
data of those who used the aqueous solvent are given in Tables 8, 9, 10 
and 11. They are based largely on the results of the five cooperators 
mentioned. It is believed that these selected values are representative 
of results that may be expected by carefully following the Cunningham 
and Price procedure. 

Because of the limited number of cooperators who used the alcoholic 
solvents, and the rather wide variation in the values reported, no selected 
values were chosen for this group. However, a comparison of these 
values with the selected values is discussed in a later section. 

In the following sections there is recorded a brief discussion of the 
values reported by the eight cooperators who used the aqueous iodine 
solvent. These cooperators used the Cunningham and Price method 
except for some small changes by some of the analysts. For example, 
cooperator 7 used an I-Fel2 solution containing approximately 50 grams 
of iodine and 0.8 gram of ammonium citrate per 100 ml. ; cooperator 19 
used an I-KI solution containing 1 per cent of ammonium citrate, and 
cooperator 29 used somewhat larger samples (18 to 20 grams). 

To facilitate review of the data of Tables 8, 9, 10 and 11, the values are 
presented graphically in Figs. 3 and 4. 

The spread of the results within the selected range may seem rather 
wide. In general, however, the spread, except for FeO, is of about the 
same order that obtains in the determination of other constituents present 
in small amounts in ferrous alloys. Furthermore, it should be noted that 
as regards total oxygen a difference of 0.006 per cent of FeO or MnO, or 
0.002 per cent of AI2O3 or Si02, is equivalent to 0.001 per cent of oxygen. 

Of the 53 values for the determination of AI2O3, received from cooper- 
ators who used an aqueous solution of iodine as solvent, 35 are within 
the selected ranges, 14 above and 4 below. Results reported by coopera- 
ators 9 and 27 tend to be high. On the very low-alumina steels, the errors 
are usually on the high side, probably because of faulty blank corrections. 
On the other hand, low values were reported by a number of cooperators 
for the high-alumina steel No. 8, another indication of the tendency 
toward inaccurate analysis of the insoluble residues. The values obtained 
by the Rooney and Stapleton procedure (cooperators 22, 27 and 31) are, 
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1 Fig. 3. — Iodine method, determinations op silica and alumina. 
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Fig. 4. — Iodine method, determinations of ferrous oxide and manganous oxide. 
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with the exception of steel No. 3, of the same order of magnitude as the 
selected values. 

For the determination of Si02, 59 values were received from the 
cooperators who used the aqueous-iodine solvent. Of these, 41 are within 
the selected range, 15 above and 3 below. Eesults reported by coopera- 
tors 9, 10 and 30 tend to be high. The values obtained by following the 
Rooney and Stapleton procedure (cooperators 22, 27 and 31) are in general 
of the same order of magnitude as the selected values except that coopera- 
tors 22 and 31 reported appreciably higher values on steels 2 and 3. 

For the determination of MnO, 56 values were received from the group 
that employed the aqueous iodine solvent, of which 40 are within the 
selected range, 13 above and 3 below. The results reported by coopera- 
tors 9 and 30 tend to be high. The values obtained by the Rooney and 
Stapleton procedure vary considerably, and in general are higher than 
those obtained with the aqueous-iodine solvent. Part of this difference, 
undoubtedly can be attributed to the fact that MnS is not as soluble in the 
alcoholic solutions as in aqueous iodine solutions and some MnS is 
reported as MnO. It is noteworthy that on steel No. 2 the MnO values 
of the alcoholic group are distinctly higher than the selected value, which 
brings up the question whether or not MnO can be quantitatively 
recovered by the aqueous solvent from a steel of the No. 2 t3q)e. On the 
other hand, the values for MnO in iron No. 7 by the aqueous and alcoholic 
methods are in good agreement. In this iron the maximum possible MnO 
would be 0.031 per cent if the total Mn (0.024 per cent) were calculated 
to MnO. 

For the determination of FeO, 56 values were received from those who 
used the aqueous iodine solvent of which 38 are within the selected range, 
8 above and 10 below. Results reported by cooperators 9 and 29 tend to 
be slightly low while those of No. 16 are high. The variation within the 
selected range is greater for FeO than for the other three oxides. This 
condition naturally complicates the choice of a selected value. The 
values by the Rooney and Stapleton procedure are sUghtly higher than 
the selected values. In general, it appears as though the FeO values 
obtained by the iodine method are somewhat unreliable. For example, 
with steel No. 4, the selection of 0.004 per cent of FeO may be questioned. 

Accuracy op Vacuum-pusion and Aqueous-iodine Methods 

These cooperative analyses were undertaken in the hope that the 
results of different operators would be in sufficiently close agreement to 
define the value, or a reasonable range of values, that should be obtained 
by each of the analytical methods. Agreement in the results obtained by 
different methods, for the same steel, would establish the accuracy of the 
methods that were in agreement. This hope has not been fully realized 
up to date. The outstanding feature of these data is the range of results. 
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i.e., the lack of agreement, in the values obtained by a group of operators 
using the same method even when each analyst confirms his ovm results by 
duplicate or multiple determinations. The information available at pres- 
ent does not suffice to determine whether these discrepancies are primarily 
the result of inaccuracies in the methods, minor variations in apparatus 
and procedure of different investigators, or the personal equation. 

A selection of representative ranges or “best^' values has been possible 
only for the vacuum-fusion and aqueous-iodine methods as previously 
described. None of the other methods of analysis are represented by 
enough concordant results to indicate “best’’ values, and even in some of 
the data of the vacuum-fusion and aqueous-iodine methods there is 
sufficient lack of concordance to render the selection of “best” values 
difficult and somewhat uncertain. The determination of FeO by the 
iodine method is a particular illustration of this point. 

Direct comparison of the “best” values by the vacuum-fusion and 
aqueous-iodine methods can be made on the basis of the total oxygen 
content. This is given directly by the results of the vacuum-fusion 
analyses and can be computed in the iodine method from the selected 
values for AI2O3, Si02, MnO and FeO on the assumption that other com- 
binations of oxygen are not present. This assumption is not strictly 
correct; the presence of small amounts of other oxides was detected® by 
some of the cooperators, but the amount of oxygen combined in these 
other oxides may be neglected for present purposes. 

Values for total oxygen by the two methods are shown in Table 12. 
Entirely satisfactory agreement, well within the permissible limits of 
error for such determinations, is evident for steels 4, 5, 6 and 8. Such 
duplication of results by two independent methods is regarded as good 
evidence of the accuracy of both methods, as applied to these samples. 
The four steels are all of the “killed” type, Nos. 4 and 8 were killed with 
aluminum. Nos. 5 and 6 with silicon. The iodine method is expected to 
give its most accurate results on steels of this type, in which the oxygen is 
present principally as AI2O3 and Si02. The good agreement of the results 
by the two methods is evidence that appreciable amounts of AI2O3 and 
Si02 do not interfere with the satisfactory operation of the vacuum- 
fusion method. 

Steel 2, a silicon-killed steel, with a manganese content of 1.15 per cent, 
gave a “best value” for total oxygen by the iodine method only half as 
great as the “best value” by the vacuum-fusion method. In view of the 
established fact that the presence of manganese frequently causes low 
recoveries of oxygen to be obtained, the results by the vacuum-fusion 

* Cooperator 7 reported 0.0013 per cent of Cr20s in steel No. 2, and 0.010 per 
cent of Cr208 in No. 7. Cooperator 29 reported 0.0015 per cent of CraOs in steel 
No. 2; 0.007 per cent of CraOs and some FeaOs in No. 7, and 0.004 per cent of P 2 O 5 in 
steel No. 3. Cooperator 22 reported 0.0026 per cent of TiOa in steel No. 2. 
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method should not be considered as being too high. It is more probable 
that the iodine results are low, perhaps because the silicates in this steel 
are different in composition and more soluble than those in steels 4, 5, 6 
and 8. Microscopic studies (cooperators 1, 26 and 33) indicated that the 
silicate inclusions are larger and more numerous in steel 2 than in steels 
5 and 6; in steels 4 and 8 the inclusions are chiefly AI2O3. 


Table 12. — Comparison of Results by Vacuum-fusion and 
Aqueous-iodine Methods 


Steel No. 

Selected Percentages for Total Oxygen 

Vacunm-fnsion Method® 

Aqueous-iodine Method^ 

1 

0.018 

0.006 

2 

0.017 

0.010 

3 

0.017 

0.009 

4 

0.002 

0.005 

5 

0.009 

0.013 

6 

0.007 

0.010 

7 

0.106 

0.095 

8 

0.017 

0.020 


® Selected values from vacuum-fusion determinations. 

^ Computed from the selected results for AI 2 OS, Si02, MnO and FeO obtained 
by the aqueous-iodine method. 


For steels of the rimming” type, Nos. 1, 3 and 7, the total oxygen by 
the vacuum-fusion method was appreciably higher than by the iodine 
method^. On the assumption that the vacuum-fusion method yields 
correct results for killed steels, containing the difficultly reducible oxides, 
AI2O3 and Si02, it is reasonable to conclude that this method should yield 
correct results for rimming steels in which the easily reducible oxides, 
FeO and MnO, are predominant. It is believed, therefore, that the 
results obtained by vacuum fusion for steels 1, 3 and 7 are approxi- 
mately correct and, on the other hand, that the results by the iodine 
method are somewhat low, perhaps on account of analytical difficulty in 
determining FeO and MnO by this method or because of difficulty in the 
selection of the best values from the reported data for FeO and MnO. 
It is not fully apparent why the greatest difference in results by the two 
methods was obtained for steel 1, unless it was because the MnO in this 
steel is not combined with Si02 and therefore is more readily dissolved 
than in the other steels. 

The evidence of the available data in regard to the accuracy of the 
two methods may be summarized as follows: 

^ This statement is based on the actual difference and not on the percentage differ- 
ence in results by the two methods. From the latter standpoint the two methods 
are in fairly good agreement for iron No. 7. 








J. G. THOMPSON, H. C. VACHER AND H. A. BRIGHT 


275 


The accuracy of the vacuum-fusion method for silicon-killed and 
aluminum-killed steels (Nos. 4, 5, 6 and 8) is demonstrated by agreement 
with the results of the aqueous-iodine method. The accuracy obtained 
for killed steels justifies the assumption of accuracy for unkilled steels. A 
reasonable value was obtained for the oxygen content of steel 2 and 
indicates that the presence of 1.15 per cent of manganese in a steel does 
not introduce serious error in the best results obtainable by the vacuum- 
fusion method. 

The accuracy of the iodine method for aluminum-killed steels and for 
some silicon-killed steels, is demonstrated by agreement with the results 
of the vacuum-fusion method, for steels 4, 5, 6 and 8. The low results 
obtained for steel 2 indicate that inaccurate results may be obtained on 
some silicon-killed steels. Low results were obtained on rimming steels. 
Satisfactory concordance in the results obtained by the iodine method, 
particularly for FeO, is not yet attainable. 

The Hydrogen-reduction Method 

The hydrogen-reduction method depends upon the reduction of oxides 
in the sample by means of purified hydrogen at elevated temperatures. 
The amount of water vapor in the hydrogen leaving the furnace indicates 
the amount of oxides reduced. It is generally believed that FeO and 
MnO are completely reduced under these conditions, but that refractory 
compounds such as AI2O3 and certain silicates are reduced only partially 
or not at all. 

Four of the cooperators in this project reported results obtained by 
this method. Essential details of apparatus and procedure, according 
to the reports submitted and the published references (Table 2) are 
as follows; 

Cooperator No. 2. The sample of 15 to 30 grams of millings con- 
tained in a perforated bucket of Invar was suspended in the center of the 
vertical furnace tube to avoid contact of hot metals with the quartz tube. 
The furnace was maintained at 610° to 620° C. for 134 to remove 
‘'surface oxygen,^’ the gases evolved during this period being discarded. 
The temperature was then raised to 1200° C. and maintained at this 
point for 2 hr., for the determination of “ contained oxygen.’^ An unusual 
and outstanding feature of the apparatus was the use of high-frequency 
induction heating for maintaining the sample at 1200° C. Consequently, 
the furnace tube was always at a lower temperature than the sample and 
the possibility of reaction between the quartz tube and the furnace gases 
thereby reduced. In the analysis of the evolved gases, copper sulphate 
on pumice was used to remove hydrogen sulphide; oxides of carbon were 
converted to CH4 and H2O by means of a nickel catalyst maintained at 
260° to 275° C.; water vapor was absorbed in P2O5; the blank correction 
did not exceed 0.002 per cent of oxygen. 
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CoopBBATOE No. 5. A 10-gram solid sample was placed in an 
alundum boat together with 25 grams of a 1:1 alloy of tin and antimony 
and maintained for 1 hr. at 1080° C. A nickel catalyst was used to 
decompose oxides of carbon; water was absorbed in PaOs; the blank 
correction was consistently 0.002 per cent of oxygen. Complete details 
of the apparatus and procedure are not available. 

CoopBRATOR No. 17. A 25-gram solid sample was placed in a 
porcelain boat together with an equal weight of antimony and heated for 
2 hr. at 1200° C. Copper sulphate on pumice was used to remove sulphur 
compounds from the gases; a nickel catalyst was used; water was absorbed 
in phosphorus pentoxide. 

CooPBEATOE No. 32. Sample consisted of a polished cylinder. A 
modified form of Oberhoffer’s apparatus was used with the reduction 
temperature maintained at 1200° to 1250° C. Iodine pentoxide was used 
to oxidize CO in the evolved gases. 

Tablb 13. — Determinations of Oxygen by Hydrogenr-redioction Methods 


Oxygen, Per Cent 


steel No, . 

1 

2 

3 

4 

5 

6 

7 

s 

Chip Sample; Not Melted 

Gooper - 

ator 

2 .... 

0.024 


0.027 

0.008 


0.010 

1 

0.076 

0.016 


Sample Melted with Antimony oe Antimony and Tin 


5 .... 

0.020 

0.020 

0.025 

0.012 

0.016 

0.010 

0.106 

0.023 

17 .... 

0.019 

0.0077 

0.018 

0.0077 

0.0013 

0.0028 

0.098 

0.0028 

32 .... 

0.021 

0.012 

0.021 

0.0005 

0.0078 

0.0043 

0.100 

0.020 


The results reported by these four cooperators are shown in Table 13. 
The data are too few and the concordance of results is not suflEiciently 
close to permit a selection of representative values for the hydrogen- 
reduction method. For each steel, the four determinations extend over a 
considerable range, frequently greater than that of the 15 determinations 
by the vacuum-fusion method. The data are shown graphically in 
Fig. 5. The range of acceptable values for the total oxygen content of 
each steel, according to the vacuum-fusion method, is indicated by a 
heavily outlined box in each grouping. 

It is evident from Fig. 5 that the results of cooperator 32 are consist- 
ently near to or within the limits of acceptable values established for the 
vacuum-fusion method. Although the results of the other cooperators 
sometimes fall within the acceptable ranges, the results of cooperators 2 
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and 5 are usually higher and those of cooperator 17 frequently lower 
than the acceptable values for the vacuum-fusion method. 

Available information is not sufficient to explain the lack of agreement 
between the results of different investigators or between the results by the 
hydrogen-reduction and vacuum-fusion methods. The hydrogen-reduc- 
tion method is generally assumed to recover only the oxygen present as 



STEEL NUMBER 

Fig. 6. — Htdrogen-redttction method, determination op oxygen. 


FeO or MnO, but for steel 8, in which the oxygen is present chiefly as 
AI2O3, three of the four results are as high as the results by the vacuum- 
fusion method. On the other hand, for the sample of open-hearth iron in 
which the oxygen is present chiefly as FeO and MnO, the results tend to 
run lower than those by vacuum fusion. The best agreement within the 
results by the hydrogen-reduction method was obtained for steel 1, and 
for this steel the results by hydrogen reduction and vacuum-fusion are in 
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good agreement, whereas those by iodine and vacuum fusion are not. 
More data, and particularly more concordant data, are needed to establish 
the accuracy of the hydrogen-reduction method. 

The Electrolytic Method 

In this method the sample is the anode in an electrolytic ceil. The 
composition of the electrolyte and the conditions of electrolysis are 
controlled in order that the soluble metallic constituents may be separated 
from the insoluble nonmetallic material. At the end of the electrolysis 
the loss in weight of the anode is determined and the insoluble residue is 
collected and analyzed. Several electrolytes have been proposed, for each 
of which advantages have been claimed. Four were employed in the 
present cooperative analyses, as follows: 

G. R. Fitterer and coworkers used an aqueous solution containing 3 
per cent of FeS04.7H20 and 1 per cent of NaCl. MnO, Si02 and AI2O3 
were determined in the insoluble residue. Basic ferric sulphate and 
ferrous hydroxide precipitate during electrolysis of this solution and 
contaminate the residue so that the FeO content of the sample cannot 
be determined. 

F. W. Scott recommended an aqueous electrolyte containing approxi- 
mately 45 grams of magnesium iodide and 2 grams of iodine per liter and 
claimed that iron dissolves without hydrolysis in this electrolyte, and that 
the sulphides, phosphides and carbides that exist in steel are completely 
decomposed. FeO and MnO, as well as AI2O3 and Si02, are determined 
in the insoluble residue. 

H. Styri found that Si02 and AI2O3 could be conveniently determined 
in an electrolyte consisting of a 3 per cent aqueous solution of ferrous 
chloride. In some experiments a solution containing 3 per cent of sodium 
citrate and 0.1 per cent of ferrous chloride was used in the anode compart- 
ment. FeO and MnO were not determined in these experiments. 

Benedicks’ electroljrfce for the anode compartment consisted of 0.1 N 
potassium bromide solution containing about 10 per cent of sodium citrate. 
The cathode compartment contained a 10 per cent solution of a copper 
salt, either sulphate or bromide. The published description of this 
electrolyte stated that the determination of FeO, AI2O3 and Si02 was 
adequate but that the determination of MnO was not quite satisfactory. 

Six of the cooperators reported results by electrolytic methods, as 
shown in Table 14. Scott’s electrol3rte and Benedicks’ electrolyte were 
used for the determination of all four of the constituents, FeO, MnO, 
AlsOs, SiOs. FeO was not determined by those using Fitterer’s electro- 
lyte, md Styri’s electrolyte was used only for the determination of AlgOs 
and Si02. Two cooperators heat-treated the samples before electrolysis 
to see if heat-treatment and the resulting redistribution of carbides 
affected the determination of AI2O3 and Si02. 
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1 

2 


4 


6 

7 

8 


Determinations of Silica, Per Cent 


Fitterer’s electrolyte: 









Cooperator: 3.... 

0.005 

0.070 

0.008 

0.006 

0.024 

0.081 

0.006 

0.006 

3H“.. 

0.011 

0.0542^ 

0.010 

0.004 

0.017 

0.014 

0.004 

0.007 

19.... 

0.004 

0.021 

0.020 

0.002 

0.016 

0.018 

0.002 

0.003 

30.... 

0.001 

0.014 

0.0045 

0.001 

0.027 

0.042 

0.0015 

0.0015 

Scott’s electrolyte: 







Cooperator: 4 

0.001 

0.010 

0.003 

0.0004 

0.013 

0.007 

0.0008 

0.004 

20.... 

0.003 



0.004 

0.024 

! 0.013 

0.009 

0.010 

Styri’s electrolyte: 









Cooperator: 12. . . . 

0.003 

0.047 

0.004 

0.0045 

0.0055 

0.046 

0.004 

0.004 

l2He.. 


0.051 


0.0065 


0.07 


0.007 

Benedicks’ electrolyte: 








Cooperator 20 

0.020 

0.079 

0.027 

0.024 

0.076 

0.140 

0.092 

0.013 


Determinations of Alumina, Per Cent 


Fitterer’s electrolyte: 









Cooperator: 3 

0.002 

0.009 

0.004 

0.025 

0.002 

0.002 

0.006 

0.016 

3H«.. 


0.002 

0.003 

0.024 

0.002 

0,004 

0.005 

0.024 

30.... 

0.0007 

0.0007 

0.0003 

0.003 

0.001 

0.002 

0.0004 

0.018 

Scott’s electrolyte: 









Cooperator: 4 

0.004 

nil 

nil 

0.006 

nil 

nil 

0.004 

0.035 

20.... 

0.004 



0.009 

0.005 

0.007 

0.010 

0.042 

Styri’s electrolyte (fer- 









rous chloride) : 





1 




Cooperator: 12 ... . 

0.001 

0.005 

0.002 

0.032 

0.0015 

0.003 

0.003 

0.021 

12H«.. 

0.0015 

0.004 

0.003 

0.022 

1 0.002 

0.003 

0.003 

0.025 

Benedicks’ electrolyte: 









Cooperator 20 ... . 

— 

0.005 

0.013 

0.006 

0.012 

0.006 

0.009 

0.009 

0.070 


Deternainations of Ferrous Oxide, Per Cent 


Fitterer’s electrolyte: 

FeO not reported 

Scott’s electrolyte: 

Cooperator: 4.... 

20.... 

Styri’s electrolyte: FeO 

j 

0.020 

O.ISS**! 

0.009 

O.OIC'* 

0.075 

0.515** 

0.012 

0.080** 

0.015 

0.052** 

0.008 

0.094** 

oo 

O t-* 

0.004 

0.195** 

Benedicks’ electrolyte: 
Cooperator 20 

0.091^* 

0.073<* 

0.047** 


0.040** 

0.029** 

0.347** 

0.220^ 


Determinations of Manganous Oxide, Per Cent 

Fitterer’s electrolyte: 
Cooperator: 3 . . . . 

3H.. . 

19.. .. 

30.. .. 

Scott’s electrolyte: 

Cooperator: 4 

20.. .. 

Styri’s electrolyte: MnO 
not reported * • 

-0.001* 

0.014 

0.029 

0.018 

i 0.006 

1 0.001<* 

nil 

0.017 

0.097 

0.102 

0.033 

0.001<* 

-0.021* 

0.080 

0.041 

0.055 

0.074 

0.004** 

0.012 

0.017 

0.030 

0.083 

0.007 

0.001** 

0.009 

0.019 

0.053 

0.049 

0.007 

0.002** 

0.079 

0.041 

0.051 

0.0035 

0.001** 

0.028 

0.018 

0.019 

0.0235 

0.022** 

0.103 

0.030 

0.065 

0.052 

0.009 

0.004** 

Benedicks’ electrolyte: 
Cooperator 20 

0.013<* 

0.073** 

0.184** 

0.008** 

0.014** 

0.016** 

0.019** 

0.023^ 


® Cooperator 3 determined MnO, SiOa and Al 20 » in samples as received (3) and after heat-treatment 
(3H). For determinations of SiOz the samples were annealed for 18 hr. at 650® C.; for MnO the samples 
were held at 1000® C. for 12 hr. and quenched in water. ^ . , u. • j r o-r. ^ 

6 After a second annealing of steel 2 at 675® C. for 18 hr., the value obtained for SiOi was 0.018 


^ « Cooperator 12 studied the effect of heat-treatment on the determination of AlaOa. ‘"Soft” 
samples (12) were in the as-received condition; “hard" samples (12H) were quenched from 1100® C. in 
saturated brine. 

Including sulphides. , . . xi. x- i j o 

* Negative values for MnO indicate discrepancies in the separation of MnO and MnS. 
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The comparison of results obtained by different observers nain g the 
same electrolyte is frequently complicated by variations in methods of 
analysis and other departures for uniform procedure. There are not 
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Fig. 6.-Electeolttic method, determinations of siuca and alumina. 

enough data avaHable to justify the selection of‘“best» values for any one 
dMtroIyte or for the electrolytic procedure to g«reral. How^ Z 
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deternnnations are complicated by the presence of carbides and sulphides 
in the insoluble residue j by the presence of hydrated compounds formed 
by anodic oxidation of metallic constituents during the solution process j 
and by the presence of small metallic particles from mechanical disintegra- 
tion of the anode. The consistently high results for FeO and MnO, by 
electrolytic methods, as compared with the selected values by the aqueous- 
iodine method (indicated by the heavily outlined boxes in Fig. 7) may 
reflect the analytical difficulties in the determination of FeO and MnO, 
rather than a consistent difference in the two methods in separating FeO 
and MnO from the rest of the sample. The values by the iodine method 
are believed to be approximately correct for steels 4, 5, 6 and 8, but are 
low for steels 1, 2, 3 and 7. Consequently, if the electrolytic determina- 
tions of FeO and MnO are accurate, they should coincide with the results 
for steels 4, 5, 6 and 8 and should be higher than the results for steels 1, 2, 
3 and 7. This is not true; for each steel the electrolytic values are 
scatteringly higher than those by the iodine method by about the 
same amount. 

Fig. 6 shows that there is somewhat better agreement between results 
by the two methods, in the determination of Si02 and AI2O3 than of FeO 
and MnO. However, even in the determination of Si02 and AI2O3, 
there is a decided lack of concordance in results obtained by electro- 
lytic methods. 

In comparison with the selected values for the iodine method the 
results of cooperator 4, using Scott’s electrol3rte, are the best. His 
determinations varied somewhat from the published procedure (see 
reference, Table 2, cooperator 4) particularly in the treatment of the 
residue to remove sulphides and metallic particles prior to analysis. After 
washing with KI solution, the residue from the electrolysis was treated 
with a 12 per cent solution of CUSO4.5H2O (previously neutralized with 
MgO), filtered, and the residue digested with 25 per cent sodium citrate 
solution. It was then filtered, washed with 2 per cent ammonium citrate 
solution and thereafter was treated as described in the published article. 
His results for Si02 and AI2O3 are invariably within or very near the range 
of the iodine values; his determinations of FeO are in good agreement with 
the iodine values except for the high-sulphur steel. No. 3; his values for 
MnO are in good agreement with the iodine values except for steels 2 and 
3, for which the iodine values are believed to be low. This electrolyte 
also was used by cooperator 20. The latter’s results for Si02 and AI2O3 
sometimes are higher than the results of cooperator 4 but in general are 
in good agreement with them. In reporting, cooperator 20 suggested that 
the results obtained for Si02 may be somewhat high on account of solubil- 
ity of glass during the prolonged electrolysis. It was also stated that 
when Scott’s electrolyte was used the sulphides and phosphides of 
manganese were strongly decomposed but the corresponding compounds 
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of iron were only partly decomposed. Furthermore the residue often 
contained appreciable amounts of fine-grained, undecomposed metallic 
ingredients. These factors combine to yield erroneously high results for 
FeO and to a less pronounced extent for MnO. 

Cooperator 20 also used Benedicks' electrolyte and considered it 
promising. Comparison of his results obtained with Benedicks' and 
Scott's electrolytes shows that consistently higher results for AI2O3 and 
decidedly higher results for Si02 were obtained with Benedicks' electro- 
l3rte. Contamination by sulphides, as reported by cooperator 20, seems 
to have had somewhat less effect on the FeO determinations, and 
more effect on the MnO determinations, than when Scott's electrolyte 
was used. 

The results obtained by the three cooperators who used Fitterer's 
electrolyte vary considerably in some of the determinations of Si02 and 
AI2O3 and in most of the determinations of MnO. Cooperator 3 reported 
that previous work (unpublished) wdth steels containing 0.60 to 0.80 
per cent of carbon indicated that the annealing temperature had a 
tremendous effect on the percentage of silica found.. Accordingly, 
samples of the eight steels were run in the as-received condition and after 
annealing for at least 12 hr. at 650° C. The data in Table 14 show that 
this treatment affected the silica results only for two steels, Nos. 2 and 6, 
with carbon contents in excess of 0.4 per cent; did not appreciably affect 
the results for alumina; improved the results for MnO, by bringing them 
into better agreement with those of other cooperators for the samples that 
were not heat-treated. Cooperator 3 expressed the opinion that ‘‘the 
electrolyiiic method must be considerably modified if steels above 
about 0.36 per cent carbon are investigated. There is also the possi- 
bility that the results on lower carbon steels might be affected by the 
heat-treatment." 

Styri's electrolyte was used by cooperator 12 for the determination of 
Si02 and AI2OS and to observe the effect on these determinations of the 
changes in structure that occurred on quenching the samples from 
1100° C. in brine. The data indicate that this quenching had no marked 
effect on the results for silica and alumina. For the samples as received, 
the determinations of silica yielded good results fof five of the steels, high 
results for steels 2 and 6, and somewhat low results for steel 5. Reason- 
able values for alumina likewise were obtained except for steel 4. Cooper- 
ator 12 expressed the opinion that some of the results for alumina were 
probably high because of contamination of the residue. 

More data are needed to establish the accuracy of the electrolytic 
method. One of the items to be studied further is the question of anodic 
oxidation. Cooperator 20 observed the formation of pentabromacetone 
at the anode during electrolysis and considered this a possible source of 
anodic oxidation of the sample. 
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Miscellaneous Methods 

Reports of the results of microscopic examination were submitted by 
three cooperators: a cleanness rating^' of the eight steels, based on an 
inclusion count according to Epstein’s method, was prepared by coopera- 
tor 1; cooperators 26 and 23 made extended microscopic studies. This 
microscopic evidence on sulphide, duplex and oxide inclusions, as well 
as structural and unusual features, has not been of particular value in the 
quantitative determination of the oxygen content of these steels. 


Table 16. — Results Obtained by the Mercuric Chloride^ Chlorine^ Fractional 
Vacuum-fusion^ Nitric Add and Hydrochloric Acid Methods 


StedNo. 

1 


3 

4 

5 

■ 

7 

8 

Deter- 

minar 

lion 

Method 

Coop- 

erator 

No. 






1 



SiOa, 




0.015 




0.008 

0.001 

0.004 

Per 

Chlorine < 



0.096 




■ininyj 

0.005 

0.009 

Cent 

1 



0.025 





0.004 

0.011 


Fractional vacuum-fusion 

Bl 





|nB| 



0.017 


l^tric acid 

9 


0.0015 

0.011 

0.011 



0.011 



Hydrochloric acid 

29 


0,001 

0.001 

<0.001 







AUOs, 

f 

15 




0.002 





Per 

Chlorine < 

17 

0.0 

0.004 

0.001 

0.003 

<0.001 

0.001 



Cent 

1 

20 

0,006 

0.012 

0.003 

0.003 

0.003 

0.005 




Fractional vacuum-fumon 

24 

0.0075 

0.002 

0.0095 

0.0085 

0.002 

0.002 




Nitric acid 

9 

13 

0.001 

<0.001 

<0.001 

nil 

0.0015 

0.0055 

<0.001 

0 002 


0.027 

0.033 


Hydrochloric acid 

13 

29 

<0.001 

<0.001 

<0.001 

0.0035 

0.001 

0.001 


0.030 







0.0055® 




0.035® 

FeO, 

Mercuric chloride 

20 



0.284 




0.630 

0.2SS 

Per 

25 

0.313 

0,135 

0.323 

0.316 

0.115 

0.135 

0.720 

0.472 

Cent 

Chlorine 

17 


0.013 




0.019 


0.023 


20 


0.035 





0.187 

0.024 


Fractional vacuum-fiifflon 

24 







0.4496 

0.000 


Nitric acid 

9 








<0.001 




MnO, 

Mercuric chloride 

20 








0.005 

Per 

25 








<0.001 

Cent 

Chlorine... 

17 





BmIii/m 

0.011 


0.011 

Fractional vacuum-fusion 
Nitric acid 

24 

9 

H 



0.018 

0.001 



0.009 

0.001 






« In a modification of the hydrochloric acid method the remaining weight of the reddue, after volatilizing the olica, was 
assumed to be AI2O3. This modified procedure should not appreolaUy affect the results for ^Os but dves high results for 
AIsOs, if the residue contains FesOs or compounds such as aluminum dlioates, which are not deccunposed by hydrofluoric 
acid. 

h In iron 7, FeO and MnO were determined together and reported as FeO. 

Few data are available on the oxide content of the eight steels accord- 
ing to the mercuric chloride, chlorine, fractional vacuum-fusion, nitric 
acid, and hydrochloric acid methods (Table 15). In view of the limited 
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number of data available for each of these methods, the most practical 
comparison is with the selected values for the iodine method, indicated 
by the heavily outlined areas in Figs. 8 and 9. 



The Mercuric Chloride Method 

In the mercuric chloride method, the sample is subjected to the action 
of an aqueous solution of mercuric chloride, 120 grams per liter, in the 



MERCURIC CHLOmoe METHOD 
A COOPERATOR 
A <• ao 


Fig. 9.-MiscELLANEoirs methods, determinations of fereous oxide and man- 

GANOUS OXIDE. 


absence of ^ untO the reaction Fe -1- 2HgCl2 = FeCl^ + 2HgCl is 
complete. FeO ^d MnO remain in the insoluble residue. Compounds 
of manganese and iron with phosphorus, sulphur and nitrogen are not 
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decomposed quantitatively. The presence in the insoluble residue of 
these compounds, or of metallic particles from incomplete decomposition 
of the sample, leads to high results for FeO and MnO. The determina- 
tion of Si 02 and AI 2 O 3 is not attempted. 

Two cooperators. Nos. 20 and 25, used the mercuric chloride method 
for the determination of FeO and MnO in the eight steels. Fig. 9 shows 
that the results for FeO are consistently higher than those obtained by 
any' other method. High contents of phosphorus and sulphur might 
account for the high values for FeO in steel 3, but the equally high values 
obtained for other steels, with lower P and S contents, indicate contamina- 
tion of the residue by particles of metal. The results of the two coopera- 
tors for MnO are in good agreement except for iron 7. Furthermore, the 
results for MnO obtained by the mercuric chloride method are usually in 
agreement with the selected results by other methods. The good results 
obtained for MnO, even in steel 3, further indicate that incomplete solu- 
tion of the sample, resulting in the presence of metallic particles in the 
residue, is perhaps a more serious source of error than the presence of 
phosphide and sulphide compounds. 

The Chlorine Method 

In this method of analysis the sample is heated several hours at a 
moderate temperature in a stream of purified chlorine. The metallic 
constituents of the sample are thereby converted to chlorides, which are 
largely volatile under these conditions. The oxide constituents are not 
attacked by the chlorine and are determined by suitable means in the 
residue from the chlorination treatment. 

Cooperator 17 chlorinated the samples at 500® C. and determined 
Si02, AI 2 O 8 , FeO and MnO in the residue. Cooperator 20 chlorinated the 
samples at 350° C. and determined Si02, AI2O3 and FeO. Cooperator 15 
determined Si02 in all the steels and AI2O3 in two steels, by chlorinating 
at about 380° C. 

Fig. 8 shows that approximately half of the results for Si02, by the 
chlorine method, are in good agreement with those by the iodine method, 
and the results for AI2O3 also are usually in reasonable agreement, 
although occasional high and low values were obtained. In the deter- 
mination of FeO (Fig. 9) the results of cooperator 20 are consistently 
higher than those of cooperator 17. The latter’s results are consistently 
in good agreement with results by the iodine method. This suggests that 
chlorination at 350° C. (cooperator 20) yields too high results for FeO, 
perhaps because of contamination of the residue by particles of undecom- 
posed sample. Both cooperators reported low values for the FeO content 
of iron 7. Determinations of MnO by the chlorine method were made 
only by cooperator 17 and these determinations (Fig. 9) are not in consist- 
ent agreement with the results obtained by any of the other methods. 
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The Fractional Vacuumrfusion Method 

This modification of the vacuum-fusion method is based on the assump- 
tion that the oxides in a steel can be separated according to the tempera- 
tures necessary for their reduction. The FeO in a steel can be completely 
reduced at 1060° C., whereas temperatures of 1170°, 1320°, and 1670° C., 
respectively, are necessary for the reduction of MnO, Si 02 and AI 2 O 3 . 
The sample, to which tin has been added to lower the melting point, is 
maintained at each of these temperatures successively, and the amount 
of gas evolved at each is used to indicate the amount of one of the 
oxide constituents. 

Only one set of results (cooperator 24) is available. Fig. 8 shows that 
the results for Si 02 and AI2O3 are generally in good agreement with the 
selected values by the iodine method. For steels 7 and 8 somewhat high 
results for Si02 are compensated by low results for AI2O3, which indicates 
faulty separation of the two fractions in these two determinations. The 
values for FeO obtained in the fractional vacuum-fusion method are in 
good agreement with, or somewhat lower than, the iodine results. The 
high value for FeO in iron 7 represents the sum of the FeO and MnO, as 
the two constituents apparently were not separated in this determination. 
The MnO values indicated by the fractional vacuum-fusion analyses are 
consistently higher, sometimes appreciably so, than the values obtained 
by other methods. These high values for MnO by the fractional vacuum- 
fusion method, particularly for steels 1, 2 and 3, perhaps explain the low 
recoveries of oxygen by the iodine method, as compared with the results 
by vacuum fusion. However, determinations by one observer cannot 
be unreservedly accepted, according to the evidence of the data assembled 
in these cooperative analyses. Further information is needed to establish 
the accuracy of the fractional separations and the reproducibility of 
results by the fractional method in the hands of different operators. In 
the previous discussion of the vacuum-fusion method, the values for total 
oxygen obtained by the fractional method were compared with the selected 
values for the regular vacuum-fusion method. For five of the eight steels 
the fractional method yielded satisfactory values for total oxygen, but 
for the other three steels high results were obtained. 

The Nitric Add Method 

This method depends upon the solubility of metallic constituents and 
the relative insolubility of oxides, particularly alumina, in approximately 
10 per cent nitric acid. 

Mg. 9 shows that cooperators 9 and 13 obtained results for AI2O3 that 
are in excellent agreement with selected results by the other methods. 
The determination of Si02 was less satisfactory than that of AlsOs, the 
results for Si 02 being too high unless the hydrated silicic acid, formed 
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during the solution of metallic silicon, was completely separated, from the 
Si02 and silicate inclusions in the residue. On the other hand, low results 
for Si 02 may be caused by partial solubility in the acid medium of some 
of the silicates that may occur in steel. The high results for Si02, 
reported by cooperator 9 for five of the steels, indicate contamination of 
these residues by hydrated silicic acid. Determinations of FeO and MnO 
by the nitric acid method, made by cooperator 9, illustrate the accepted 
belief that the method is not applicable to these determinations. The 
results (Fig. 9) demonstrate the almost complete solubility, in nitric acid, 
of FeO and MnO as they exist in these eight steels. 

The Hydrochloric Acid Method 

In this method diluted hydrochloric acid, approximately two volumes 
of water to one of concentrated acid, is employed to separate the metallic 
from the oxide constituents. Si 02 and AI 2 O 3 are determined in the 
insoluble residue. The method is not applicable to the determination of 
FeO and MnO, owing to the solubility of these in the acid medium. 

The data (Table 15 and Fig. 8) show that results for alumina by this 
method are in excellent agreement with those by the iodine method. The 
determination of Si 02 by the hydrochloric acid method, as in the nitric 
acid method, is affected by the partial solubility of certain silicates and 
by the presence of hydrated silicic acid. The consistently low results for 
Si02, obtained by cooperator 29, indicate that these determinations were 
more affected by the solubility of the silicates than by the presence of 
hydrated silicic acid. 


AUTHORS' COMMENTS 

The first impression derived from a study of the data of these coopera- 
tive analyses usually is that the results as a whole are decidedly unsatis- 
factory and indicate that none of the methods for determining oxygen or 
oxides is sufficiently accurate to conform to the requirements of modem 
metallurgical analysis. This impression is based on the assumption that 
chemical analysis is equally accurate for large and small amoimts, whereas 
actually this assumption is decidedly erroneous. The accurate deter- 
mination of very small amounts, thousandths or even hundredths of one 
per cent, is a separate field in analytical procedure. Even the standard- 
ized methods of chemical analysis, for the determination of common 
elements such as carbon, silicon, sulphur and manganese, are less accurate 
for very small amounts than for larger amounts. In the preparation of 
Standard Samples at the National Bureau of Standards the lack of agree- 
ment in the results obtained by skilled analysts in determinations of small 
amounts of common elements is at times disturbing to one's inherent 
belief in the accuracy of chemical analysis. 
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These considerations indicate that the data of the cooperative , analyses 
are fairly satisfactory. In fact, some of the results compare favorably 
with those obtained in determinations of corresponding amounts of the 
common constituents of ferrous materials. 

Of the two methods of analysis for which the largest number of data 
are available, the results of the vacuum-fusion method are in better 
agreement among themselves than are those obtained by the aqueous- 
iodine method. However, in consideration of the data obtained by the 
latter method further allowance should be made for the complicated 
procedure and the number of operations that must be performed in one 
analysis. The approximate magnitude of the best results by the vacuum- 
fusion method is clearly indicated by the data for each steel. Some of the 
selected values for the aqueous-iodine method likewise are clearly indi- 
cated by concordant results, but in other determinations the lack of 
concordant data introduces an element of uncertainty in the selection of 
best values. The upper and lower limits of the acceptable ranges, to 
include permissible variations from the selected values, represent the 
considered opinion of the reviewing committee. It is recognized that 
there may be differences in opinion as. to the proper location of some of 
the acceptable ranges. Raising or lowering the range as a whole, by 
one or two thousandths of one per cent, in several cases would appreciably 
affect the number of cooperators who obtained acceptable results by the 
vacuum-fusion method. 

The conclusions derived from detailed consideration of the cooperative 
data may be summarized, as follows: 

The vacuum-fusion method yields accurate results for all eight of the 
steels. We believe that the best results obtained by this method are 
close approximations of the true oxygen contents of each of the steels. 
Recommendations have been made in regard to the procedure and 
apparatus to be employed in order that the best results may be obtained. 
Si02 and AI2O3, as they occur in these steels, are completely reduced in 
the vacuum-fusion procedure; the error resulting from interference of 
manganese, at least up to 1 per cent of manganese, is not so serious with 
the recommended form of apparatus as it was formerly considered to be. 
The chief cause of erratic results appears to be spattering of the sample, 
during melting or shortly thereafter. A convenient and reliable means 
of avoiding this source of error is not yet available. 

The aqueous-iodine method yields accurate results for aluminum- 
killed steels and for some silicon-killed steels, but for others, especially 
steels of the rimming type, low results are obtained. The data for 
steels 1, 2 and 3, and to a lesser extent for iron 7, show clearly that the 
aqueous-iodine method cannot be relied upon for determining the total 
oxygen content of all steels. Part of the discrepancy may be due to 
the fact that some of the oxygen is present in the form of dissolved or 
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entrained gases that are not recoverable by residue methods. Further 
efforts in standardization of the method, down to minute details of pro- 
cedure, undoubtedly will result in improved agreement in the results 
obtained by different analysts. Further study of the determinations 
of FeO and MnO is particularly needed and the need for greater accuracy 
in the chemical analysis of the small amounts of insoluble material 
obtained in the residue methods is to be emphasized. 

None of the other methods is represented by sufi5ciently concordant 
data to justify the drawing of definite conclusions. The hydrogen- 
reduction method yields results of the same order of magnitude as the 
vacuum-fusion results, but further work to standardize the procedure 
of the hydrogen-reduction method is necessary. Likewise, the results of 
the other residue methods are of the same order of magnitude as the 
results obtained by the aqueous-iodine method and are more accurate 
for the determination of AI 2 O 3 and Si 02 than for FeO and MnO. Further 
standardization of the methods is desirable. 

The hope entertained at the beginning of this cooperative analysis, 
that the results obtained would define the accuracy and limits of useful- 
ness of methods employed for the determination of oxygen and oxides in 
steel, has not been completely realized. Valuable information has been 
obtained in regard to the accuracy of the vacuum-fusion and aqueous- 
iodine methods, but for the other methods there is obvious need of further 
standardization before their accuracy can be determined. The con- 
tinuation or extension of this program of cooperative analyses apparently 
should be postponed until the various methods of analysis have been 
better standardized. 

The sponsors of the project are deeply appreciative of the time and 
effort expended by the cooperators; the authors are sincerely grateful to 
Dr. Chipman and the reviewing committee for invaluable assistance in 
the dijEcult task of reviewing the data. 

APPENDIX 

Subsequent to the compilation of this report, additional data have 
been received as follows: 

F. W. Scott (cooperator 4) obtained results from additional deter- 
minations on steel 3 as shown in Table 16. His comment on these new 


Table 16. — Additional Determinations on Steel 3 


Weight of 
Sample, Grams 

Si02, 

Per Cent 

MnO, 

Per Cent 

FeO, 

Per Cent 

AI 2 O 3 , 

Per Cent 

Calculated 

Oacygen, 

Per Cent 

107.7 

0.0020 

0.115 

0.0048 

nil 



0.0023 


0.0051 

nil 


106. 

0.0020 

0.119 

0.0049 

nil 

■■ 
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data was: before, the results obtained are erratic and mostly higher 

than those obtained by the vacuum-fusion method for oxygen. For 
some reason, this Bessemer steel (No. 3) does not react properly with the 
iodine during the extraction of oxides. The exact reason I have been 
unable to ascertain, although I have given it considerable attention.'' 

T. E. Rooney (cooperator 31) reported that improvements in the 
Rooney and Stapleton procedure 3 delded the results shown in Table 17. 


Table 17 . — Results of Improvements in Rooney and Stapleton Procedure 


Steel 

Si02, 

Per Cent 

FeO, 

Per Cent 

AI 2 O 3 . 

Per Cent 

MnO, 

Per Cent 

Cr203, 

Per Cent 

Ti02, 

Per Cent 

Total 
Oxygen, 
Per Cent 

1 

0.0017 

0.054 

0.0062 

0.055 

0.0012 


0.028 

2 

0.025 

0.0065 

0.014 

0.032 

0.0014 

0.0034 

0.028 

3 

0.017 

0.021 

0.0047 

0.120 



0.033 

7 

0.0010 

0.446 

0.013 

0.027 

0.0077 


0.111 

8 

0.0029 

0.030 

0.037 

0.0071 

0.0006 


0.027 


Details of the improved method have not yet been published. 

W. Eilender (cooperator 34) reported new determinations as follows: 


Steel No. 

1 

2 

3 

4 

5 

6 

7 

8 

O 2 , per cent 

0.017 

0.018 

0.015 

0.0019 

0.0071 

0.0061 

0.106 

0.017 


These values were obtained from samples representing the full cross 
sections of the rods. Through a misunderstanding the values originally 
obtained by cooperator 34, as indicated in the main report, were obtained 
from samples of reduced diameter. The samples, except steel 4, were 
the same ones used by cooperator 18 after forging at moderate tempera- 
tures to 1 cm. diameter. Deep etching of the 1-cm. bars showed that 
the forging treatment had produced quite different segregation patterns 
from those shown in Fig. 1. Operating details of the hot extraction pro- 
cedure include a furnace pressure of 0.0001 mm. or less, operating tem- 
perature of about 1700° C., and (for routine determinations) the analysis 
of several specimens in the same crucible. Professor Eilender's letter 
states: '‘We conclude from our work that the homogeneity of the samples 
was not sufiScient to permit general conclusions to be drawn regarding 
the accuracy of the hot extraction method for the determination of 
oxygen. We are of the opinion that, on perfectly homogeneous material, 
different laboratories should obtain the same result within the usual 
limits of experimental error." 

The Timken Steel and Tube Co., Canton, Ohio (Weston Hare, 
Research Dept.), should be added to the list of cooperators as No. 35. 
Scott's electrolytic method was used with the following modifications: 
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The electrolysis was carried out in a closed container in which a neutral 
atmosphere, free from oxygen, was maintained. At the completion of 
the electrolysis and without removal from the neutral atmosphere, the 
residue was washed with 5 per cent sodium citrate and then with copper 
sulphate solution to remove most of the iron and iron salts. The residue 
was then removed from the cell, again washed with the above reagents, 
then with hot 5 per cent NaOH and water and subjected to chemical 
analysis. Determinations of Si02 and AI2O3 also were made by the 
hydrochloric acid method. Results obtained by both methods were as 
given in Table 18. 


Table 18. — Results Obtained by Cooperator 35 


Steel 

1 

2 

3 

4 

5 

6 

7 

8 

Electrolytic Method 

AI 2 O 3 , per cent 


Hipi 


mu 

imui 

mil 

0.0027 

0.031 

Si02, per cent 


0.01.^ 



0.016 


0.0015 

0.0034 

MnO, per cent 

fiWiTi^ 


0.011® 




0.025 

0.011 

FeO, per cent 

0.015 


0 012 

mi 8; 


0.011 

0.342 

0.0097 

Total O2, per cent 


0.012 


s 



0.084 

0.021 



Htdeochloric Acid Method 


AI2O3, per cent 

0.0021 

cc 

c 

c 

c 

0.0036 

0.0066 

0.0023 

0.0031 

0.0025 

Si02, per cent 

0.0012 

0.013 

0.0036 

0.0042 

0.014 

0.0095 

0.0017 



® Corrected for manganese sulphide. The total manganese found in the residue 
was reduced by an amount equivalent to the sulphur content of the residue. 

DISCUSSION 

(John Chipman presiding) 

Member. — In view of the recent spectrometric work, especially the accurate quan- 
titative measurement of traces running up to, say, one per cent, has the method been 
considered for determining oxide in steel? 

J. G. Thompson. — So far as I know, the spectroscopic method is not in use as yet 
for the determination of oxides in steel. 

F. W. Scott,* Minneapolis, Minn, (written discussion). — should like to add a 
few comments in defense of wet extraction methods of oxide determination. As coop- 
erator No. 4, I shall comment on the use of the electrolytic iodine method of oxide 
extraction. 

1. In the summary of the paper, the authors point out that the accurate deter- 
mination of very small amounts of the compounds is a separate field of analytical 
procedure. Any method that is limited in the size of sample, either by cost of deter- 
mination, or time, or device used, limits any hope of good results. Analytical diffi- 

* School of Metallurgy, University of Minnesota. 
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culty, as well as inherent nonuniform distribution of the oxides, makes good results 
difficult to obtain on small samples. This electrolytic method can use any size of 
sample, as the apparatus is very flexible in design. Solid samples are used, making 
possible the complete cross-section sampling. With steel, the cell may be operated 
many hours using the same electrolyte. A number of cells may be operated by one 
operator. Thus large samples may be extracted with small cost of electrolyte and 
labor costs. Oxide residues are large enough for accurate analysis with standard 
analytical methods. In this work, 100-gram samples were extracted. 

2. The electrolytic extraction method is not directly comparable to the iodine- 
solution method. The residue, when detached from the specimen, is in a nearly neu- 
tral solution, w’hich is low in iron salts. In high-carbon steels, or irons, the carbon 
clings to the specimen, and the iodine concentration is built up on the carbon, and 
instead of the carbon protecting the carbides, the electrolytic action aids directly in 
breaking up the carbides, and compounds difficult to decompose. This carbon absorbs 
large amounts of iron salts that must be washed out with careful, prolonged washing. 

3. The results on steel sample No. 7, a rimming type, indicate that the solubility 
of MnO in this method is not appreciable, as nearly 100 per cent of the manganese is 
recovered as MnO. The FeO solubility must be low also, as nearly perfect checks 
are given between this method and the vacuum-fusion method. It may be concluded 
that the solubilities of solid particles of oxides, FeO and MnO, are low in this method. 
Referring to sample 1, also a rimming steel of a higher carbon content, the oxide con- 
tent, based upon the calculated oxygen of the compounds, agrees very well with the 
vacuum-fusion results on the “rim or the skin. Electrolytic results are the same for 
the zone of liquation as for the dense rim; but the vacuum fusion gives much higher 
results. It appears then that the oxygen in the center segregated section contains 
oxygen entrapped, and not as precipitated oxides. Or the oxides are so finely divided 
as to be not filterable. 

4. In 1935 several hundred samples of pig iron were extracted and analyzed for 
oxides. The agreement of this method on steels with the vacuum-fusion method 
was accepted as demonstrating its applicability. Longer washing periods were 
required however. The results indicated no interference from carbides, sulphides, 
or phosphides. 

G. R. Fitterbr,* Pittsburgh, Pa. (written discussion). — ^Although I have had no 
connection with this problem for the past few years or any of the determinations in 
this investigation, I have, of course, retained my interest in this subject. There are 
several points in this paper that should be considered generally rather than specifically. 

The authors have assumed at the outset that the vacuum-fusion method accurately 
determines the oxygen content of steel (fourth paragraph, p. 288). If those of us who 
had taken the trouble to spend several years in developing new methods had thought 
this, we would never have started our investigations. No evidence has ever been 
offered that definitely convinced me that this method reduces aU of the AI2O3 and Si02 
inclusions. Tests have been made but are not convincing. Let me cite just one 
example of unbelievable results in this paper: 

Steel No. 1 is a 0.03 per cent carbon rimming steel and contains from 0.018 per 
cent oxygen (or 0.082 per cent FeO) according to the vacuum-fusion method (Table 12) 
whereas steel No. 7, a lower carbon (0.016 per cent) rimming steel, contained about 
0.106 per cent oxygen. And according to the aqueous-iodine method in the same 
table, sample No. 1 contains 0.006 per cent oxygen and No. 7 contains 0.095 per cent. 
What happened to the FeO in sample No. 1? 
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I am pleased that none of the cooperators using my method attempted to deter- 
mine FeO in any of the samples, because it was never recommended for that purpose. 
However if we consider the work of cooperator No. 20 using Scott’s electrolytic method, 
we find that sample No. 1 contained 0.185 per cent FeO and No. 7 contained 0.480 
per cent FeO. I am more inclined to believe these results than those of the vacuum- 
fusion method or of the aqueous-iodine method. The product of the carbon and FeO 
contents of steel No. 1 is 0.00555 and for steel No. 7 it is 0.0077. Both of these are 
of the orders of magnitude that have been calculated from a great many sources 
of information. 

My conclusion on this work is that we should not set up a false standard, but should 
question the standard first and then the other methods in question. 

B. M. Larsen,* Kearny, N. J. (written discussion). — Dr. Thompson and his 
associates at the Bureau of Standards have done an admirable job of reporting and 
summarizing a confusing group of data, and on the whole, most of their comments 
and conclusions seem to be fair and reasonable. We feel compelled, however, to 
register a strenuous objection to one of their conclusions — ^i.e., that “the vacuum- 
fusion method yields accurate results on all eight of the steels,” and their expressed 
belief that “the best results obtained by this method are close approximations of the 
true oxygen contents of each of the steels.” In the absence of more positive evidence 
than we now possess, this sounds a bit like an arbitrary decision by majority vote, at 
least suflSlciently so, perhaps, to merit a “minority opinion” on the question. Among 
the various cooperators in this enterprise, the 15 laboratories reporting results obtained 
by the vacuum fusion method formed much the largest group obtaining values on 
these samples by a fairly well standardized procedure. Merely by the action of the 
laws of probability, a number of these results naturally tend to group themselves 
around a certain mean value, and this tendency would be equally evident whether 
this mean value is the true one or is merely the most probable value given by the pro- 
cedure in question. It seems to us that on this basis alone we must still suspend 
judgment on the accuracy of these vacuum-fusion results. 

The authors’ argument for the more or less absolute correctness of the vacuum- 
fusion results seems to be based largely on their fairly close agreement with those 
given by the aqueous-iodine method on the killed samples in the group (Table 12). 
On rimmed steels 1, 3 and 7 and on the silicon-killed but high-manganese steel No. 2 
it seems quite reasonable to infer that the iodine method might give low results due 
to partial solution of seme MnO and FeO from the inclusions. However, on the 
remaining four killed-steel samples, the aqueous-iodine results are all higher than the 
“preferred values” by vacuum fusion. But even on these samples the aqueous-iodine 
method should give low results for total oxygen. It cannot possibly recover any oxy- 
gen actually dissolved in the metal, and is very likely to lose much of the very tiny 
inclusions by solution or by loss in filtrations, so that as it is perfected to eliminate 
contammation of the residues by carbides, basic iron salts, etc., it should then tend to 
give results that represent nearly all of the “microscopically visible” inclusions, but 
which are somewhat low with respect to the total oxygen. On this basis, it seems to 
the writer that Table 12 can just as weU be interpreted to indicate that the vacuum- 
fusion results tend to be low. 

From our own point of view, the fact that we have obtained much higher oxygen 
contents on these and many other samples by a modified hydrogen method gives us 
a more positive reason for suspecting the validity of this interpretation of the vacuum- 
fusion results. Our own results on these standard samples are those numbered 2 in 
Fig. 5. These values are above the “preferred ranges” given by vacuum fusion in all 
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samples except 7 and 8. The hydrogen-reduction procedure used probably reduces 
almost none of the Al20j and only a part of the Si02 and MnO contained in ordinary 
steel samples, and on this basis, the total oxygen contents should be well above the 
No. 2 values in Fig. 5. This is especially true of sample No. 8, which contains a large 
amount of AI 2 OS. In my own opinion, the true total oxygen content for these samples 
is higher than the ^‘selected values'^ by vacuum fusion by only a small percentage on 
sample 7, but is from 50 to 500 per cent higher in the remaining samples. In view of 
the possibility of such large discrepancies, it may be justifiable here to briefly review 
some of our own experience® with the hydrogen-reduction method and to suggest 
certain possible sources of error in the vacuum-fusion method. 

Briefly, our procedure for the hydrogen-reduction method is to cut an average 
sample cross section into fine miUings (0.004 in.) slowly, in air, suspend a 20-gram 
sample of these in a bucket of Invar in the center of a quartz bulb, remove surface 
oxygen by heating both bulb and sample at around 600® C. for 70 to 90 min., then 
heat only the bucket and sample by induction for 90 to 120 min. at around 1200® C., 
absorbing H 2 O in a P 2 O 6 tube; the CO 2 and CO are converted to H 2 O and CH 4 by a 
Ni-Th02 catalyst and the resulting H 2 O absorbed in a second P 2 O 6 tube. 

With a vacuum-tight train, and with sample bucket and catalyst thoroughly 
reduced, we can consistently obtain blanks of 0.1 mg. H 2 O or less for 2 to 3 hr. of heat- 
ing, with every single condition under which the samples are run reproduced. The 
normal range of blank corrections is between 0 and 0.002 per cent oxygen for a 20-gram 
sample, and this order of magnitude is confirmed by our having obtained similar values 
for oxygen contents in hydrogen-reduced iron and a few steel samples. 

We have been unable to find any evidence of interference by sulphur. Aroimd 
15 to 20 per cent of the nitrogen in the sample may be absorbed in the tubes as NHj 
but this corresponds to a correction of between 0.0005 and 0.002 per cent O 2 for aU 
ordinary commercial steels, including those made by the Bessemer process. 

Plotting oxygen-evolution time curves for a series of special steel samples (one 
left without deoxidation so that O 2 is present only as FeO, and the others deoxidized 
with Si, Mn and Al, respectively, so that the oxygen in each could have been present 
only as FeO along with either Si02, MnO or AI2O3) gave a fairly rapid rate during the 
first 60 to 90 min. on all four samples, followed by a rapid faUihg off to a zero rate in 
the two samples containing either FeO only or FeO and AI2O3. In the remaining two 
samples the rate first decreased to a low value for about 30 hr. and then decreased to 
zero. These results indicate that dissolved and FeO oxygen are removed from such 
thin millings in aroimd IH to 2 hr., but only something like 5 to 20 per cent of any 
oxygen present as MnO or Si02 is recovered and that very little of the AI2O3 (probably 
only extremely finely divided AI2O3 particles) is recovered. The usual procedure on 
ordinary steel samples should therefore nearly always give values representing some- 
what less than the total oxygen present. Oxygen-evolution time curves at one tem- 
perature for thin ribbon samples of four different thicknesses from the same steel could 
all be combined into one curve when corrected for thickness of material according to 
the theoretical diffusion formula. This result can be interpreted only by assuming 
that all of the substance or substances being evolved came by diffusion from within 
the steel and gave a single definite value for specific diffusivity, and is therefore of 
definite significance in establishing the validity of the method as a measure of oxy- 
gen content. 

The completeness of removal of surface oxygen by our usual procedure is indicated 
by the following results: 

1. On several samples (which either contained excess aluminum or had been treated 
with hydrogen at high temperatures) we obtained values varying from less than 0.001 


® Reported in detail in: Trans, A.I.M.E. (1932) 100, 196 and (1934) 113, 61. 
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per cent to around 0.004 per cent O 2 , after removing surface oxygen in the usual man- 
ner. This would indicate that the amount of surface oxygen left is probably negligible 
and at most is not more than what would be represented by a possible 0.002 to 0.003 per 
cent correction to the oxygen contents obtained. 

2. We obtained the same surface oxygen contents from one sample of millings 
when separate samples were heated at 500°, 600° and 700° C. After removing surface 
oxygen at 500° and at 700° C. on two samples, we obtained the same values for “inter- 
nal oxygen^' when heating for 2 hr. at 1200° C. 

In two recent groups of samples we have obtained oxygen contents by hydrogen- 
reduction as much as five to ten times as high as those obtained by vacuum fusion, and 
in both tests we had a certain amount of independent evidence that the hydrogen- 
reduction values were closer to the true values. Furthermore, in our general experi- 
ence with the hydrogen-reduction method over about five years, it has been possible 
in a number of cases to correlate oxygen contents with such things as process variables 
or variation in certain properties of the steels, and in practically every such instance 
we have found a correlation that appeared reasonable and logical. For example, a 
series of ingots in one heat-treated with variable amounts of aluminum gave a very 
good correlation between grain-growth temperature and oxygen content by hydrogen 
reduction. In another group of steels from different heats, which were all carefully 
inspected for internal seams, there was a close correlation with oxygen contents by 
hydrogen reduction, whereas vacuum-fusion results (which were much lower in nearly 
all cases) showed practically no correlation. We therefore feel that, while there is 
stiU no absolutely incontrovertible proof available, there are yet definite indications 
of a tendency toward low values with the vacuum-fusion method even when conducted 
according to the most approved technique. As to possible causes of such low results, 
we offer the following merely as suggestions: 

In general, there is good reason to believe that once having eliminated or corrected 
sources of “blank error” and also interference from other substances, any of these 
methods of analysis will always tend to give low rather than high results. In the 
vacuum-fusion method using the latest improved technique, blanks are satisfactorily 
low, and since the oxygen is present in CO, CO 2 and H 2 O, which is isolated and ana- 
lyzed by standard chemical methods with proper technique, the possibility of error 
on the high side is practically eliminated. 

To avoid low values, however, the following conditions must obtain: 

1. The reactions between carbon and the various solid and liquid oxides in the 
melt must proceed to completion at a fairly high rate of speed and the gaseous reaction 
products must form and be completely evolved from the melt. 

2. There must be no adsorption of the evolved gases on cooler surfaces upon which 
vapors of iron, manganese and other metals are condensing during the heating period. 

In all the work done on this method, the writer has not seen any really adequate 
proof that such conditions are obtained, and there are a few indications to the con- 
trary. In conclusion, we should simply Hke to point out that in view of the dis- 
crepancies and uncertainties in the present available data, it would be unwise to 
indicate, whether by inference or otherwise, that any of the present available methods 
for oxygen determinations in steel give accurate results, including the vacuum-fusion 
and iodine extraction methods. They should all be regarded simply as research tools, 
the value of which must be judged solely by the usefulness of results obtained, until 
such time as we obtain more positive evidence regarding their relative accuracy. 

J. H. ScAFF,* New York, N. Y. (written discussion). — The authors deserve the 
thanks of all people interested in determining oxygen in steel for presenting these data 
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to US in such good form. All. of us recognize that this report covers an enormous 
amount of work and I think that, in spite of some discrepancies between the different 
methods for determining oxygen, this information will be of immediate value in stand- 
ardizing methods of oxygen determination, and also that it will serve as an excellent 
guide for planning future work in this field. 

Before I proceed with the discussion, it should be pointed out that our experience 
on oxygen determinations at Bell Telephone Laboratories has been primarily with 
highly purified iron samples. Hence we feel more qualified to discuss oxygen deter- 
minations on this type of material than on steel samples of the type covered in this 
cooperative program. However, there are some points brought out by our technique 
of analysis which deserve emphasis. The apparatus we use for these determinations 
differs somewhat from that usually employed. Mercury-sealed stopcocks are used 
throughout, and a ground glass to metal joint seals the furnace. With this arrange- 
ment we were able to reduce the nitrogen blank to negligible proportions, and this 
is a very desirable feature for our work. The technique used for the analysis was 
modified also to some extent. Since the reaction between oxides and carbon in vac- 
uum proceeds with such violence, we adopted the procedure of melting the sample 
slowly at a reduced temperature and later raising the temperature to the desired 
value. This procedure reduces spattering to a considerable extent, but some spatter- 
ing occurs, however, in spite of these precautions, and to prevent spattered metal 
from coming in contact with refractory oxide parts, a graphite shield was telescoped 
into the crucible. We found also that lower blanks could be obtained by allowing 
adequate clearance between the crucible and the refractory radiation shield and by 
supporting the crucible on beryllium oxide. Beryllium oxide proved to be extremely 
satisfactory as a crucible support, and we have used this material for this purpose 
since 1930. We are pleased to find that the experience of others that have recently 
used this material confirms our findings. 

In our early work on oxygen determinations, we measured the evolution of gas 
from a sample of Armco iron in successive 15-min. intervals. Before these runs the 
crucible had been degassed to a point where the blank correction was negligible; 
namely, of the order of 0,2 c.c. of CO per hour. The results showed that the gas 
evolution had reached a steady state after 15 min. However, the blank correction 
obtained immediately following the determination was slightly larger than the empty 
crucible value. When additional samples were added to the crucible no further 
increase in blank value was noted. Consequently, we believe that blank values 
measured with metal in the crucible are more representative of conditions prevailing 
during an analysis than the empty-crucible value, and the blanks we reported to the 
Bureau of Standards were determined in this manner. We consider that such blanks 
are satisfactory if they are reproducible, and if they are small in relation to the total 
quantity of oxygen being determined. If these two conditions are met, it does not 
seem to be an important consideration if some variation in absolute magnitude is 
noted from time to time. 

With reference to the authors^ choice of acceptable ranges of oxygen for the eight 
samples and of the “best” value, the ranges chosen appear to be satisfactory with 
minor exceptions. In sample 1, for example, if the range were shifted upward 0.001 
per cent, two additional analyses would have been included, with the exclusion of 
only one, therefore this would seem to be a desirable change, although, obviously, it 
is a minor change. Concerning the other results, one point warrants additional atten- 
tion. Bearing in mind that our results were obtained by melting the samples slowly 
at a reduced temperature and subsequently increasing the temperature, it seems 
significant to me, that in each instance where manganese and silicon are not present 
together we obtained results in satisfactory agreement with the chosen best value. In 
samples containing both manganese and silicate we believe that our values tend to be 
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low and that such samples should not be analyzed by this procedure. This clearly 
suggests that manganese silicate inclusions have a tendency to agglomerate on remelt- 
ing and that the resulting particles are not reduced completely during the time allowed 
for the analysis. Contrary to the authors' contention, these results show that a 
satisfactory recovery of oxygen is obtained using the slow melting procedure with 
samples containing manganese, provided only a small amount of silicate is present. 
Sample 3 is of this type and our determination on this material is identical with the 
chosen best valve. For this reason, I do not believe our low result for sample 2 is 
due to manganese alone but rather to the presence of manganese silicate inclusions. 
The magnitude of the effect is amazing; for example, if sample 2 is analyzed at 1600® C. 
approximately 0.02 per cent O is recovered but if it is melted slowly at 1300® C. and 
subsequently the crucible temperature is raised to 1600° C. only 0.004 per cent 0 is 
recovered. This indicates that agglomeration of inclusions may be an important 
factor in oxygen determinations by the vacuum-fusion method and perhaps that it is 
the principal source of error in this method. This phase of the problem surely has 
not received adequate attention, and more work along these lines is necessary before 
we can be certain of the results of the vacuum-fusion method for samples containing 
inclusions which show a tendency to agglomerate on remelting. 

M. A. ScHEiL* AND S. L. Hoyt,* Milwaukee, Wis, (written discussion). — We wish 
to compliment the authors on this paper. We are not familiar with all of the meth- 
ods discussed by the authors, but our experience with wet extraction methods have 
included the aqueous-iodine and the electrolytic methods. The results of our limited 
experience with both of these methods is consistent with the interpretation of the 
results embodied in this paper; namely, that the results for oxygen as FeO and MnO 
by either method are doubtful. This we feel justifies the time and effort necessary 
to develop a new method for determining oxygen which gives a better picture of the 
distribution of oxygen among the oxides. 

We do not take issue against the authors' statements concerning the fractional 
vacuum-fusion method, for we realize that our technique has not reached the state 
of refinement that eventually it will attain. However, as a metallurgical tool for 
gauging the quality of steel, such refinements have not interfered with our inter- 
pretation of the results to be obtained with this method. In developing this method 
we have correlated our interpretation of the results by observations of the visible 
oxides with reflected polarized light and this has enabled us to check and amplify the 
findings of the fractional vacuum-fusion analysis. 

A. B. KiNZEL,t New York, N. Y. — In the comparison of aqueous-iodine and 
vacuum-fusion methods, while the killed sample showed good agreement, the ri mm ed 
did not. The difference seems to approximate a constant. This indicates that there 
may be only a constant error, which may be found by further experimentation. The 
iodine method and some of the other methods give a total oxygen figure, which is 
divided into individual amounts for respective oxides; this is much more useful, than 
an undivided total value. 

J. Johnston, t Kearny, N. J. — The committee has done excellent work in its 
discussion of the data available to it. But I should like to supplement what Mr. Lar- 
sen said, with a plea for some further study of the hydrogen-reduction method. For 
it is not quite fair to conclude that this method is not satisfactorily reproducible 
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merely because the three laboratories using it report different results. To test its 
reproducibility, we recently had new determinations made on these eight steels by 
another operator using different equipment, and all of the results except one were 
identical with those originally reported to the Bureau of Standards. I believe, there- 
fore, that if a number of laboratories used this type of method, with careful attention 
to all pertinent details, there would be better agreement between them. 

In this connection it is to be remembered that there is frequently difficulty in 
reconciling the analytical results reported by different laboratories with respect to 
constituents present in small percentages, even though those of each laboratory may 
be quite reproducible there. As an illustration, the proportion of sulphur reported 
by the several laboratories cooperating with the Bureau of Standards in the analysis of 
plain steel samples for sulphur, ranges from 0.046 to 0.039 per cent, the recommended 
value being 0.044 per cent; yet it is generally supposed, though perhaps erroneously, 
that sulphur in small proportions is more easily determined with accuracy than oxygen. 
Thus it is hardly surprising that there should be these differences in the results of 
oxygen determinations made at different laboratories, even by the same nominal 
method, therefore that we should still be unable to specify the accuracy of the data 
now available. 

H. Styri,* Philadelphia, Pa. — My remarks may be a little out of order because 
they are not con&aed to oxides only. We have been interested in studying slag inclu- 
sions and consequently have approached this problem with the intention of determin- 
ing both the sulphides and oxides. In many steels in which we are interested the 
sulphides occur to a greater extent than oxides and consequently we are just as inter- 
ested in determining sulphides as the oxides. The electrolytic method has permitted 
us to get very good results on the sulphides but among the oxides we have been able 
to get only fair results on those of aluminum and silicon. We hope that improvements 
can be made so that we can get better determinations. 

G. PHRAGMiiN,t Stockholm, Sweden (written discussion). — The large differences 
between the results obtained with different methods and with similar methods in differ- 
ent laboratories is an unmistakable evidence of the need for this cooperative work. 
It is to be expected that some people will be discouraged from the use of some of the 
methods, but also that some people will be attracted by the difficulties to be overcome. 
Errors have to be recognized before they can be eliminated. The large number of 
methods, of cooperating laboratories and of steel samples investigated has given a 
broad view of the present status. At the same time it has made a full consideration 
of every contribution almost impossible. 

It is evident that the vacuum-fusion method is at present the only one giving useful 
results as to the total oxygen content. The spread of the results obtained by this 
method also is large, as is evident from Fig. 2. A continuation of the cooperative 
work, limited to the vacuum-fusion method would surely give valuable results. More 
information on the causes of error might have been obtained if all the primary results 
had been collected. If this material was too bulky for publication, it might anyhow 
have been put at the disposal of cooperators, using similar methods. 

Several sources of systematic errors in the vacuum-fusion method have been dis- 
cussed in the report. The risk of errors in gas analysis may have been underrated. 
Some possible errors have been pointed out recently.^ It might be added that an 
Orsat or Oberhoffer apparatus is not fitted for analyzing a very small quantity of gas. 

* Director of Research, SKF Industries, Inc. 

t Metallografiska Institutet. 

® G. Thanheiser; Iron and Steel Inst, meeting. Sept. 1936. 
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More work on this point is needed. For comparing different devices for vacuum 
fusion, the same gas analysis method should be used. When gas with a high nitrogen 
content is analyzed in an Oberhoffer apparatus, the combustion of the gas -{- oxygen 
mixture may be slow and imperfect. If some hydrogen is mixed into the oxygen 
(and the mixture analyzed) the combustion will be aU right. This method, which 
was proposed by G. Ericson, has been tried in several cases, especially for high- 
chromium steels, and has given results consistent with those of the solution-distilla- 
tion method. For steels with low nitrogen content in proportion to the oxygen 
content, the vacuum-fusion method generally gives lower results than the solu- 
tion method. 

If an error in the nitrogen content is fotmd, the gas analysis is to be doubted. For 
instance, if a very low or negative nitrogen content is found for a steel, which is known 
to have a high or normal nitrogen content, it is more probable that the oxygen content 
found is too high than that some nitrogen should have been lost in the reaction vessel 
or in the mercury-vapor pump. If the steel contains titanium or other substances 
with very high affinity for nitrogen, this conclusion is not valid, of course. 

For future comparative work with the vacuum-fusion method killed steels should 
be preferred to rimming steels; the difference between core and rim is an unnecessary 
source of error. The samples should be hot-worked to some dimension that can be 
used directly by every cooperator. 

The fractional vacuum-fusion method is founded on the assumption that there 
is a definite reduction temperature for every oxide. The oxides, however, form com- 
pounds or solutions with each other. Even a pure oxide has no definite reduction 
temperature. The equilibrium of a reaction, for instance Si02 -f 2C *= Si 2CO, 
is given by an equation 


{Si}[COp 

fSi02}{C}* 


= /(r) 


if {Si }, etc., be the activities with the pure substance as standard, and [CO] the pressure 
of CO. Thus the equilibrium temperature depends on the pressure in the reaction 
vessel and on the silicon content of the molten iron. The apparent reduction tem- 
perature is, of course, higher than the equilibrium temperature, and the difference is 
not fixed. 

The velocity of the reactions between the molten steel and the slag inclusions is 
great. 10 Thus, the content of FeO, MnO, SiOa and Al20a in slag inclusions of ordinary 
magnitude wiU be approximately determined by the composition of the steel. The 
reduction temperature observed may be influenced by the composition of the steel 
in the same degree as by the composition of the inclusions. Of course, when the frac- 
tional method is used, only one sample is to be melted in the graphite crucible. If, 
for instance, some pure iron is melted first in the crucible, the reduction temperatures 
will be lower. 

In some cases the residual methods may give more information than the vacuum- 
fusion method. If the oxide inclusions in steel, melted under a basic slag, contain 
calcium or magnesium it is very probable that they originate from the slag. 


Instituto Scientifico Tectntco Ernesto Breda,* Milan, Italy (written discus- 
sion). — We communicated to the National Bureau of Standards with our reports of 
May 23 and Nov. 29, 1935, the results we obtained in the dosage of total oxygen by the 
vacuum fusion method in a graphite spiral furnace, by using the equipment described 
by Meyer and Castro “ and in the dosage of the inclusions of oxides with the iodine 


10 R. Perrin: Rev. de MH. (1933) 1, 71. 

11 0. Meyer and R. Castro: Arch, EisenhUttenwesen (1932) 6, 189. 
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method of Eggertz modified by Cunningham and Price^^ and we adopted this method 
in pursuance of the request of the National Bureau of Standards. The determina- 
tions took place on eight rods of steel supplied by the National Bureau of Standards, 
whose instructions were carried out to the letter for withdrawal of the parts of the 
sample to be assayed. 



Fig. 10. — Scheme op apparatus for total oxygen determination by vacuum- 

fusion METHOD, USING EITHER GRAPHITE SPIRAL FURNACE OR HIGH-FREQUENCY 
INDUCTION FURNACE. 

0 , graphite spiral furnace. 

6, high-frequency induction furnace. 

c, mercury-diffusion pump. 

d, jet mercury pump. 

e, rotary oil pump. 

/, gas analyzer. 

Qj electrical equipment for the graphite spiral furnace, 
hf vacuum gauge (MacLeod). 

ij drum apparatus for introduction of samples into furnace. 

Ij mirror to observe furnace inside and to measure temperature, 
m, leads to high-frequency converter set. 

Some considerations are given here on the final results of the investigations that 
are the subject matter of the paper under discussion. These considerations regard 
the determination of total oxygen and oxides with the methods we adopted. 

Determination of IncltLsions of Oxides with Iodine Method 

Our results, together with those of four collaborators, have been used to establish 
the ‘^limits of acceptability” of the values obtained with the various iodine methods. 
When giving our results, however, we pointed out the trouble resulting, because, when 
operating as Cunningham and Price prescribe on a sample of 5 grams, the quantity 
of the various oxides contained in the residues was so small as to equalize in many 


12 T. R. Cunningham and R. J. Price: Ind, Eng. Chem. Anal. Ed. (1933) 6, 27. 




DISCUSSION 


301 



Fig. 11. — ^Longitudinal section of 

GRAPHITE SPIRAL FURNACE. 

1, main body of furnace, low-carbon 

steel, one piece. 

2, water jacket, low-carbon steel, 

welded. 

3, intakes for furnace-cooling water, 

steel. 

4, bolts for outside covering, steel. 

5, furnace cover, steel, one piece. 

6, bracket. 

7, intakes for cover-cooling water, steel. 

8, bolt to close cover, steel. 

9, connection to diffusion pump and 

apparatus for introduction of sam- 
ples, steel. 

10, bolts to close furnace, steel. 

11, gasket, bard rubber, 

12, insulating rings. 

13, spiral resistance, graphite. 

14, support of the spiral, graphite. 

15, shield for the spiral, graphite. 

16, contact plate, copper. 

17, insulating ring, mica. 

18, metallic ring, steel. 

19, crucible support, graphite. 

20, crucible, graphite. 

21, crucible funnel, ^aphite. 

22, spiral top, graphite. 

23, shield, molybdenum. 



Fig. 12.— Longitudinal section of high* 


FREQUENCY INDUCTION FURNACE. 

1, silica tube. 

2, copper spiral. 

3, terminal connections. 

4, intakes for spiral-cooling water. 

5, steel hood. 

6, intakes for hood-cooling water. 

7, porcelain plate. 

8, graphite crucible. 

9, graphite funnel. 

10, molybdenum-sheet cylinder. 

11, graphite shield. 

12, molybdenum shield. 

13, graphite support. 

14, frame. 

15, asbestos. 
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cases the value of the blank test when their dosage was proceeded with. With FeO 
and AI2O3, this trouble was made worse by the fact that their dosage took place on an 
aliquot part of the solution of the oxides corresponding to 2 grams of the sample. 
From the foregoing it was clear that the unavoidable experimental errors would influ- 
ence the final results to a rather considerable extent. We were then of the opinion, 
as we are now, that to obtain reproducible results with the iodine method it is necessary 



Sample number 
o Sraphife -^spiral furnace 
+ Highffequcncy incfucfion furnace 

I J Range of values obfatned by aH ihe experimenters 

CZZ3 Range of the acceptable values 
Best values 

Fig. 13.- Comparison between valxtes obtained with ottr apparatus and accept- 
able AND best values ESTABLISHED BY THE COMMITTEE. 

to work with larger quantities of samples than those laid down by Cunningham and 
Price. This end can perhaps be gained by carrying out the dosage of the various 
oxides with microanalytical methods properly chosen and studied pursuant to what 
some experimenters have done recently, who took the problem in hand. Examina- 
tion of the results obtained by various cooperators has led us to come to the conclusion 
that for the purpose of having reliable values with the iodine method it is necessary 
to define its field of application as well as possible, because it is clear that the resist- 
ance of the inclusions to the solvent action of the iodine depends on their nature and 
on their composition. 


Determination of Total Oxygen hy the Vacuuwnfusion Method 

When giving the results of determination of the total oxygen, obtained with the 
hot extraction method in a graphite spiral furnace, we pointed out our suspicion, which 
has now been confirmed by the paper imder discussion, that they were slightly inferior 
to the real oxygen contents. We wish to mention, however, that the said results 
enter into those declared to be acceptable” in regard to samples 2, 3, 4, 5, 6 and 
7, and they are only slightly lower for samples 1 and 8. To explain the failures noted, 
we thought that they might depend, at least partly, (1) on the fact that a certain 
quantity of material did not undergo the reaction due to the spattering of metal 
taking place during the melting of the samples and (2) on the carbon oxide absorbed 
by the cold graphite parts, and perhaps also on the reactions between gas, graphite 
ashes and metallic sublimates. 
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In the first case the trouble could have been lessened considerably if the steel samples 


placed at our disposal had a smaller diameter so as 
to allow small cylinders including the complete cross 
section of each rod to be put in the furnace but it 
was absolutely impossible for us to do this because 
of the characteristics of our equipment, which 
compelled us to cut the various disks (weighing 7 
to 8 grams) in four pieces, which, on account of 
their limited size, melted almost at once, causing a 
tumultuous development of gas. In regard to the 
second supposition, with our paper of Nov. 29, 
1935, we communicated to the National Bureau of 
Standards the results of some determinations of 
total oxygen carried out after having suitably 
shortened and widened the canalization for the 
evacuation of our equipment. The aim of these 
experiments was to see if, by helping quick extrac- 
tion of the gases freed by the melted metal, it was 
possible to reduce the oxygen losses to a minimum, 
which were due to reactions between the gases, the 
cold parts and the graphite ashes and the metallic 
sublimates. The results obtained, however, were 
practically the same as those previously communi- 
cated, and they proved that the changes in our 
equipment had not led to any improvement. It 
was then decided to push the investigations deeper 
by repeating the determinations with a high- 
frequency induction furnace, which had been got 
ready in the meantime, leaving the rest of the 
equipment imchanged. 

Our equipment is schematically illustrated in 
Fig. 10. The graphite spiral furnace used for the 
previous experiments is shown in section by Pig. 
11 and it is substantially different from that which 
was described by Meyer and Castro on account of 
the fact that the graphite spiral, instead of being 
supported by a metal cage, rests with its support 
(14) on the bottom of the furnace and cleaves with 
the upper part (22), by means of the wings of the 
copper plate (16) clasped between the flange of 
the cover and the furnace itself. In this way the 
danger is done away with, which is caused by the 
presence in the inside of the furnace of metallic 
parts and insulating refractory masses. The graph- 
ite spiral is put in and taken out with the help of 
a metallic rod, which is made rigid by fixing it at 
the ends by means of threads. The upper part of 
the spiral, which is more exposed to spattering of 
metal and more apt to become covered with sub- 
limates, is protected by a graphite shield (15) that 
can easily be changed when necessary. The high- 
frequency induction furnace with which we re- 
peated the determinations of the total oxygen is 
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outlined in Fig. 12. It differs from Hessenbruch’s original furnace in that: (a) the 
hood is made of stainless steel instead of glass; (6) two screens are used, namely, one 
of a molybedenum sheet (12) and the other of graphite (11) and they are both cut 
along a generatrix to avoid having them heated by induction currents, the task of 
these screens being to avoid excessive heating of the quartz tube due to radia- 
tion, and to allow quick heating of the crucible (8) so as to reduce to a minimum 
the time required for outgassing; and (c) a molybdenum sheet screen (10) is 
placed betw’een the graphite shield and the crucible, to increase the furnace's 
performance. 

Details of the vacuum extraction processes used for the two furnaces are given in 
Table 16. The results obtained are shown in Table 17 and Fig. 13. The position in 
which they are in regard to the ^‘limits of acceptability" and to the “best values" 
established by Messrs. Thompson, Vacher and Bright is shown in Fig. 13. From 
an examination of these results it will be seen that those obtained with the induction 
furnace are somewhat higher than those obtained with the graphite spiral furnace, 


Table 17 . — Oxygen Percentages Obtained by Vacuum-fusion Method with 
High-frequency Induction Furnace 


Steel H? 

Steel % 4 : 

Steel 

Steel ^^4 

Steel 

I 

Steel 

Steel ^4 

Steel ^6 3 

1 

1 

0.0185 

1 

i 0.0150 

1 

0.0152 

1 

0.0027 


0.0079 

1 

0.0065 

1 

0.1030 

1 

0.0166 

2 

0.0186 

2 

0.0161 

2 

0.0165 

2 

0.0038 

2 

0.0073 

2 

0.0059 

2 

0.1040 

2 

0.0160 

3 

0.0186 


0.0171 

3 

0.0150 

3 

0.0024 

3 ' 

0.0086 

3 

0.0072 

3 

0.1037 

3 

0.0172 

4 

0.0169 

4 

0.0164 

4 

0.0152 

4 

0.0026 

4| 

0.0088 

4 

0.0061 

4 

0.1052 

4 

5 

0.0176 

0.0173 

Average 

0.0181 


0.0161 


0.0155 


0.0029 


0.0082 


0.0064 


0.1040 


0.0169 


and that they are practically the same as the “best values." The improvement of 
the results might depend on the convective movements of the melted metal mass, 
which favor carburization and therefore reduction of the oxides, and also on the lower 
temperature of the furnace, which keeps down the extent of the metal splashes and 
hence reduces the causes of mistakes. It is not to be overlooked, however, that this 
improvement may depend, at least partly, on the absence of cold graphite parts in 
the furnace, which could produce the troubles as per point h just above. 

The results of our experiments, therefore, lead us to consider that with the graph- 
ite spiral furnace of the type we used, a degree of exactness can be obtained for 
the total oxygen that will satisfy normal requirements. However, at the present time 
the induction furnace should be preferred if results of notable exactness are to be 
obtained. 

T. E. Rooney,* Teddington, England (written discussion). — Regarding the 
Alcoholic Iodine Method^ we would say: 

AWi . — The statement on pages 269 and 270 with regard to the values obtained 
by the Rooney and Stapleton procedure for alumina needs some modification. On 
steel No. 2, cooperators 22 and 31 report high values and a subsequent check by 31 
yields 0.0136 per cent. On steel No. 3 cooperator 27 reports a high value and a sub- 
sequent check by 31 yields 0.0047 per cent. The values for steel No. 7 are also high, a 
check determination by 31 yielding 0.0129 per cent. 

Si02 ^ — With regard to the high values reported by cooperators 22 and 31 on steels 
2 and 3, check values by 31 yield 0.025 and 0.0167 per cent, respectively. It is prob- 


Metallurgy Department, National Physical Laboratory. 
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able that the selected values based on the aqueous-iodine method are low because of 
the solubility of the silicates as noted at the top of page 274. 

MnO . — The high values reported by the alcoholic iodine method may be due to 
some extent to the presence of some MnS in the residue, especially with steel No. 3. A 
check determination by 31 on No. 3 yielded 0.120 per cent. The low^ value reported 
by cooperator 27 is due to the fact that sulphur was estimated in the residue and a 
corresponding deduction made from the MnO value. The value was probably over- 
corrected, as the sulphur may not be wholly present as MnS. 

The values for MnO by the alcoholic iodine method agree with those by the frac- 
tional vacuum-fusion method for steels 1, 2, 5, 6 and 8 but for No. 7 no MnO value 
is recorded by the vacuum-fusion method. 

The selected value for MnO may be too low, as it is questionable whether this 
constituent is quantitatively recovered by the aqueous-iodine method (see p. 272, 
paragraph 2; bottom of p. 286, and p. 274, paragraph 2). 

FeO . — The presence of sulphur and phosphorus in the steel may have an effect on 
the amoimt of FeO recovered as noted for MnO. Recent work indicates that a long 
churning period or maintaining the reaction temperature at about 60® C. yields lo-wer 
values. It is highly probable that even when the inclusions consist mainly of silica 
and alumina, a small amount of FeO will be combined with these constituents. One 
can agree with the statement on page 269 that inaccurate chemical analysis of the 
insoluble residue is responsible in part for some of the variations in the results. 

The formation of an Oxygen Panel of the Committee on the Heterogeneity of Steel 
Ingots of the Iron and Steel Institute has enabled cooperators 22, 27 and 31 to meet 
and exchange information and methods. This procedure has tended to eliminate 
variations in the values reported by the three laboratories and consequently some of 
the extreme values in the Bureau of Standards report may be disregarded. 

It is interesting to compare results of the alcoholic iodine method with those of 
the fractional vacuum-fusion method. The values for MnO have been commented 
on already. For silica there is agreement on steels 1, 4 and 5 and in other cases the 
values lie within the selected range. For steels 7 and 8, values are high by the frac- 
tional fusion method but on the other hand the alumina values are low. The values 
for alumina on steels 3, 4, 5 and 6 are in agreement. 

Low values are reported for FeO (in some cases nil) by the fusion method. This 
may mean that the FeO fraction when small in amount is difficult to separate from 
the MnO fraction. In any case, the volume of the gas fraction must be very small 
from 11 grams of steel. 

The FeO values by the alcoholic iodine method are consistently high but, as before 
noted, improvements that have been made on the method shoiild result in somewhat 
lower values. 

Authors^ Comments . — It is agreed that the estimation of the very small amounts of 
constituents needs a special technique and a skilled analyst and even then it is difficult 
to realize the degree of accuracy desirable in the analysis of the smaller of the residues 
from the iodine method. The work of the Oxygen Panel has helped to standardize the 
procedure for the alcoholic iodine method and has resulted in much better agreement 
in the determinations by the three laboratories using the method. One cannot agree 
that the accuracy of the aqueous-iodine method has been established as there is very 
wide variation between the results of the various cooperators. 

Hy dr ogenr-r eduction Method . — The statement on page 277 that this method is gen- 
erally assumed to recover only the oxygen present as FeO or MnO may need some 
modification. It has been shown that silica in contact with iron can be reduced by 
hydrogen at about 1200® C. Also, it may be possible to reduce alumina judging 
from the appreciable blank obtained when using an alumina boat in contact with 
iron millings. 
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The surprising feature of the results recorded is that cooperator 5, using a tin- 
antimony alloy and a temperature of 1080® C., obtains consistently high results. In 
the writer’s experience this method usually gives slightly lower values than direct 
reduction at 1200® C. Also, the alloy in dissolving the steel tends to separate silica, 
etc., which floats on the surface and is not reduced. 

The use of high-frequency induction heating is interesting and was advocated by 
the writer some years ago. It should be a step in the right direction, but the results 
recorded with the exception of steels 7 and 8 are on the high side. It is diflGlcult to 
account for the low result on No. 7. It may be due to the preheating of the sample. 
It is also difficult to account for the variation in the values on steels 2, 4, 5 and 8 by 
cooperators 17 and 32, who appear to be using very similar methods. 

H. A. Sloman,* Teddington, England (written discussion). — The report on the 
vacuum-fusion method is of considerable interest. However, the method adopted in 
obtaining the accepted ranges and best values is arbitrary, particularly as to the sizes 
of the boxes. Why, for instance, should the ranges for steels 1, 2, 3 and 8, aU of which 
contain approximately the same total oxygen, be of different sizes? For steels 1 and 
8, the range is 0.004 per cent whereas for 2 and 3 it is 0.006 per cent. 

The writer, cooperator 31, is in agreement with the general recommendations 
on p. 262, except for the sentence that says: Spattering of the melting sample or of 
the molten bath should be prevented, but a satisfactory, reliable and convenient 
means of accomplishing this end has not yet been developed.’^ The use by several 
cooperators, including the writer, of a graphite ball or valve answers all these require- 
ments. Duplicate analyses of steels of many types carried out in the writer’s appara- 
tus give results that are in good agreement, and show this type of lid to be entirely 
reliable and convenient. 

The writer is in agreement with the reviewing committee as regards his own 
results. The method of sampling would -undoubtedly tend towards high values for 
rimming steels, and particularly for No. 7. 

It cannot be agreed that the vacuum-fusion method is in agreement with the 
aqueous-iodine method. In no test do the selected values for the latter method fall 
within the boxes for the former, therefore the statements in the two top paragraphs 
on page 275 are without adequate foundation. 

The results of cooperator 24, using a fractional vacuum-fusion method, are inter- 
esting, but surely a sample weighing only 11 grams leads to serious inaccuracies, 
particularly when the total oxygen is low, and this has to be subdivided into four or 
more fractions. 

F. KoBBERjt Diisseldorf, Germany (written discussion). — In consideration of the 
possible sources of error in the determination of oxygen by the hot extraction method, 
the influence of condensed manganese vapor must be given especial consideration. 

Researches on the influence of manganese, carried out at the Kaiser- Wilhelm- 
Institut fiir Eisenforschung at Diisseldorf, have shown that details of operation, for 
example, the manner of cooling, are important as well as the amount of man- 
ganese present. 

To illustrate the effect of the conditions of deposition and cooling of the manganese 
deposit on the results obtained for oxygen in the cooperative samples, steel 2 (1.15 per 
cent Mn) was investigated under different conditions of cooling. The apparatus 


* Metallurgy Department, National Physical Laboratory, 
t Kaiser- Wilhelm-Institut fiir Eisenforschung. 

“ G. Thanheiser: Stahl u, Eisen (1936) 66, 1125. 
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described by Thanbeiser and Brauns^* was used and the only variation in procedure 
was that in one instance the furnace tube was cooled by means of a water jacket j in 
the other, a copper cooling coil was used. In a third experiment, the manganese was 
condensed in a graphite bell, which was then lowered so that the condensed manganese 
could be heated, as described by Thanbeiser (ref. 13). Before each determination 
approximately 80 grams of manganese-free iron was melted in the crucible. The 
operating temperature was 1550° C.; the use of a four-stage diffusion pump and large- 
diameter glass tubing permitted rapid removal of the evolved gases. The results 
are shown in Table 18. 


Table 18. — Influence of Cooling on Results of Oxygen Determinations by 

Hot Extraction Method 


Manner of Cooling 

1 

Per Cent Oxygen 

Intensive water-cooling (water jacket) 

0.007 , 0.008 

Copper cooling coil 

0.018 , 0.017 

Copper cooling coil plus condensation of manganese in graphite bell . 

0.018 , 0.018 


It is evident that the manner of cooling, other conditions being equal, appreciably 
influences the effect of condensed manganese in the determination of oxygen. When 
the gases are rapidly extracted and the details of procedure are carefully specified, 
correct results will be obtained in each apparatus and good reproducibility in the 
determination of oxygen will be. obtained in different laboratories. 

The cooperative analyses have again shown how valuable is an exactly operated 
method for the determination of total oxygen. The reliability of individual residue 
methods can be established only by means of a reliable determination of total oxygen. 

P. Klinger, in collaboration with H. Fuckb and W. Koch,* Essen, Grermany 
(written discussion). — Something unusual has been accomplished in this investiga- 
tion. It is the first time in the controversial history of oxygen determination that a 
cooperative effort of such an extent has been carried out. The participation of 34 
authoritative laboratories in eight different coimtries, where the production of iron 
and steel is highly developed, makes the investigation international in character 
and thereby particularly valuable. We therefore express our appreciative recogni- 
tion to the sponsors of this enlightening undertaking, and especially to the Bureau 
of Standards- 

General inspection shows a considerable spread in the results and also shows that 
the different methods are by no means equivalent. In a general comparison of the 
results it is impossible to eliminate the personal point of view. The reasoning in 
connection with the discarding of scattered values is clear and good; we agree with 
the considerations and with most of the conclusions. However, the following com- 
ments are offered: 

In our practice we have adopted the vacuum-fusion method for the determination 
of total oxygen because of the reproducibility of results obtainable by this method. 
The operating temperature of 1900° C., ascribed to us in the report, is the maximum 
used, the average reduction temperature is about 1800° C. Spattering of gas-rich 
specimens during melting is prevented by lowering the temperature before the sample 


Thanbeiser and Brauns: Mitt, K-W-I Eisenforschung, Diisseldorf (1935) 
17, 207. 
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is introduced. To eliminate as far as possible the influence of manganese, we 
first place low-manganese iron in a new crucible before adding the high-manga- 
nese sample. The results of the cooperative study show that complete reduction 
is obtained in a shorter time in the high-frequency furnaces (15 mm.) than in the 
graphite spiral furnaces (20 to 30 min.). This is due to the vigorous stirring of the 
high-frequency melt. 

In our opinion the fractional vacuum-fusion method is not suitable for a quan- 
titative determination of individual oxides because a steel contains not only pure 
oxides, with fairly sharply defined reduction ranges, but also combinations of oxides. 
Furthermore, at a given temperature secondary reactions occur between constituents 
of the steel and thereby render uncertain the data obtained for the origin of 
the recovered gases. 

In the hydrogen-reduction method it is remarkable that the results, with few 
exceptions, are higher than the values for total oxygen obtained by vacuum fusion. 
Only in steel 7, with only 0.02 per cent Mn, are the results of both procedures in prac- 
tical agreement. 

In regard to the chlorine method, it should be noted that the chlorinating tempera- 
ture of 500® C. (cooperator 17) is decidedly too high for the determination of FeO and 
MnO, since at temperatures above 400® C. the oxide inclusions of iron and manganese 
are decomposed.^® The values obtained by cooperator 17 for iron and oxygen con- 
tents are undoubtedly low. The residue obtained by us through chlorination at 
350® C. contained no metallic particles, as was suggested in the report. 

In regard to the iodine method, we are astoiodshed that the value for total oxygen 
derived from the selected values in steels 1 to 3 is only about 50 per cent of the vacuum- 
fusion value for total oxygen, because it is probable that in steels 2 and 3 the vacuum- 
fusion results are somewhat low on account of the high manganese contents. Since 
decomposition of Si 02 and AI 2 OS in the iodine solution is improbable, it follows that 
FeO and MnO cannot be entirely stable in the iodine solution. Moreover, it is doubt- 
ful whether hydrolysis can be completely avoided even in alcoholic solutions. 

In evaluating the results of all of the residue methods, the first consideration 
is the difficulty involved in the analysis of only a few milligrams of residue mate- 
rial. We agree entirely with the emphasis that the reviewing committee has placed on 
this point. 

In forwarding our results in June 1935, we remarked that exhaustive investiga- 
tions have shown that microchemical methods are essential for the separation and 
analysis of the residues isolated by the various pro cedures. Since then we have studied 
this matter and have applied photometric-micro methods, by which specimens of 
less than 0.1 mg. may be quantitatively determined, so that these methods find appli- 
cation in the analysis of residues. The determination is made by measuring the 
extinction in a '‘Polaphot” polarization photometer made by Carl Zeiss, in Jena, and 
interpreting the results by means of a calibrated concentration-extinction graph. 
Full details of the procedure will soon be published in Archiv EisenhUttenwesen or 
Tech. Mitt. Krupp. 

In our report of June 1935, we mentioned that in the field of electrolytic methods 
we have followed the procedure of Benedicks. In the past year we have studied the 
matter further and have concluded that Si02, AI2O3, FeO, MnO, FeS and MnS may 
be thereby determined. The results are reproducible in repeated determinations on 
the same material. The method will be described in detail in the near future {Archiv 
EisenhUttenwesen or Tech. Mitt. Krupp) and is briefly as follows: 

Consideration of the discharge potentials of oxygen and hydrogen led R. Treje and 
C. Benedicks to adopt the electrolyte consisting of a 5 to 10 per cent solution of copper 


“ See Stahl u. Eisen, (1929) 49, 1263. 
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bromide at the cathode and a 0.1 N solution of potassium bromide, containing 15 per 
cent of sodium citrate, at the anode. Sometimes KI solution was added to the anolyte. 
We did not use collodion thimbles; the anolyte was continuously replaced with fresh 
solution and an atmosphere of nitrogen was maintained, whereby the pH of the solu- 
tion was kept constant at 7 + 0.2. The theoretical amount of iron goes into solution. 
There are no secondary reactions at the anode. 

The residue from the electrolysis was divided into two parts, w’^ithout drying. 
MnO was extracted from one part, using glycocol solution, permitting the determina- 
tion of FeS and MnS in the residue. The other portion was treated with copper 
bromide solution, whereby all constituents except FeO (Si02 and AI2O3) were decom- 
posed. The FeO was dissolved from the residue with acid. In the purified residues 
from both portions Si02 and AI2O3 were determined as well as the FeO and MnO 
combined therewith. 

All determinations were made by the microchemical method pre\’iously referred 
to, in which amounts of a few millionths of a gram may be accurately determined. 


Table 19 . — Electrolytic Determinations 



Percentages 

Oxygen 

Steel No. 

SiOa 

AI2O3 

FeO 

MnO 

FeS 

MnS 

i Combined 
with Fe 
and Mn 

Total 

4 

0.010 

0.0022 

0.031 

0.009 

0.032 

0.022 

0.009 

0.015 


0.011 

0.0017 

a 

0.013 

0.038 

0.021 

0.009 

0.016 

5 

0.019 

0.0003 

0.038 

0.008 

0.056 

0.031 

0.010 

0.020 


a 

0.0004 

0.032 

0.007 

0.033 

0.028 

0.009 1 

0.019 

7 

0.007 

0.0005 

0.31 

0.0021 

0.019 

0.022 

0.070 

0.074 


0.006 

0.0008 

0.35 

0.0026 

0.026 

0.020 

0.079 

0.083 


® Determinations were spoiled. The companion determination was used for 
computing the total oxygen. 


We have used this electrolytic method for additional determinations on steels 
4, 5 and 7, with the results shown in Table 19. Comparing these results with those 
published in the report, it is evident that there is good agreement between the 
hydrogen-reduction results of cooperator 2 and our results for steels 4 and 7, which 
are low in carbon and Si02. For steel 5, with its higher carbon and Si02 contents, 
the results of cooperator 2 are higher than ours. Our experience has been that 
carbon at 1100® C. in an atmosphere of hydrogen exerts a reducing action on Si02. 
Furthermore, there is good agreement of our results for Si02, AI 2 OS and FeO for steels 
4 and 5, with corresponding results obtained by the chlorine method. The computed 
value for total oxygen for steel 7 is in satisfactory agreement with the determinations 
by the vacuum-fusion and hydrogen-reduction methods. It is interesting to us that 
our calculated values for the oxygen contents of steels 4, 5 and 7 increase with 
decreasing manganese contents, as is also true for the results of the vacuum-fusion 
procedure, a phenomenon that G. Thanheiser^® has also observed in the presence of 
higher manganese contents. 


G. Thanheiser: Stahl und Eisen (1936) 56, 1128. 
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We recommend that the cooperative effort be continued in some form. The work 
should be extended with accurately specified procedures, identical apparatus and 
fully described analytical methods. 

G. F. Stammler, Summit, N. J. (written discussion). — This paper is most oppor- 
tune, as it has given a summary of the results obtained by the various methods, and 
permits an unbiased opinion on the merits of the different procedures. The writer 
is most familiar with the iodine method and is still of the opinion that this procedure 
gives most information. It tells how the oxygen (present as metallic oxides) is com- 
bined, and this is not done satisfactorily by the other methods. 

The determinations of silica and alumina depend chiefiy on the care of the analyst: 
and when any of the weak solvents are used, the results show consistency. When 
stronger acids are used, they offer the advantage of permitting larger charges. The 
nitric and hydrochloric acid methods have the disadvantage that the acids and alka- 
line treatment of the insoluble residue have a solvent action, which is dependent upon 
the composition of the inclusions; i.e., a high-silica inclusion is active up to a lesser 
degree than a low-silica inclusion. 

In the iron oxide determinations, the fractional vacuum-fusion results appear to 
be low, and part of the iron oxide has been counted with manganese oxide. The 
operators of the electrolytic method state that sulphides are also reported in the results 
published, so they do not give much information on the oxide content. 

The figures for manganese oxide offer the greatest proportionate range for most of 
the wet methods. Some of these are due to inaccurate work on the part of the analysts, 
especially in steel No. 7 (for both the iodine and mercuric chloride method) when 
more manganese oxide was reported than the total manganese content of the steel. 
For steel No. 3, the high MnO figures may be due to undissolved manganese sulphide. 
It has been the writer’s experience that manganese sulphide is not dissolved in the 
iodine solution as readily as the metal or carbide, and a high-sulphur steel must be 
acted upon by the solvent for a longer period to be certain that the manganese sulphide 
is entirely dissolved. 

The results for MnO by the fractional vacuum-fusion method indicate that the 
gases contained in the steel are drawn off at this point, as shown by the high MnO 
figures for steels 1, 2 and 3. 

The electrolytic methods show generally high results for the MnO and claim they 
are due to manganese sulphide. This might account for the higher amounts for steel 
No. 3, but is not a satisfactory explanation for the high figures reported for steel No. 2 
when compared with^ steels 6 or 8. The two latter steels contain slightly higher 
sulphur than No. 2 steel, but most of the operators of this method report higher MnO 
plus MnS for No. 2 than for the other two steels (cooperator No. 20 being the 
exception). In addition to the oxides and sulphides, the writer believes that some 
manganese carbide is also included. 

In the list of results in the ** accepted range” for the iodine method, it is generally 
noticeable that the manganese oxide follows the silica, except for steel No. 7. In the 
remaining seven steels, the manganese oxide is present as manganese silicate, but in 
steel No. 7 we have a great amount of iron oxide and the manganese oxide is soluble 
in iron oxide. The iodine method thus gives information that the so-called “residual 
manganese” in a heat may be entirely manganese oxide; and when such is the condi- 
tion, the metal is also saturated with iron oxide. 

In the iodine method we do not determine the oxygen combined as a gas and the 
presence of gas in rimming steels is a well-known fact. Split ingots show a great 
number of blowholes and the gas contained in these cavities has been"'found][to*^be 
chiefly carbon monoxide. In steel No. 2 we also have considerable dissolved or 
entrapped carbon monoxide gas, which may be due to the fact that hot metal was 
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added to the ladle, and because of the silicon and high manganese content of the steel, 
we had more rapid solidification of the ingot. These four steels (1, 2, 3 and 7) con- 
tain gases, and this fact is further verified, not only by the results of the iodine and 
vacuum-fusion methods but also by the etch tests shown in Fig. 1. The etch tests 
show that these steels have porous centers and this porosity is due to gases, 
chiefly CO. 

In the summary of the data on the accuracy of the vacuum-fusion and iodine 
methods, it has been assumed that the iodine results were correct for steels 4, 5, 6 and 
8, but low for the remaining four steels. If we consider the results from the standpoint 
of ‘Hotal oxygen in the steels,” the vacuum-fusion results are correct for these four 
steels (1, 2, 3 and 7) and the iodine figures are low. But if the subject is considered 
from the standpoint of how the results were reported (i.e., the oxides of silicon, 
aluminum, iron and manganese), the percentages reported by the iodine method are 
also correct. 

J. G. Thompson, H. C. Vacheb and H. A. Bright (written discussion). — The dis- 
cussions are a valuable contribution to this cooperative attempt to define more pre- 
cisely the reproducibility and accuracy of the methods for the determination of oxygen. 
The suggestions should be used as a guide for correcting current procedures and for 
future research work. 

Inasmuch as this is a report on a cooperative project giving a collection of values 
from widely different sources, we feel that many of the questions brought out in the 
discussions are a matter of opinion and for that reason an individual and detailed 
answer is not necessary. However, we should like to reply to some of the ques- 
tions raised. 

It was suggested that the spread of the values might be largely caused by segrega- 
tion. This does not seem probable. Precautions were taken to prevent segregation 
in the rods and the rods were sampled and analyzed before the analytical samples 
were distributed. The spread of the values obtained from these samples in the 
preliminary examination was considerably less than the spread of the values subse- 
quently submitted by the cooperators. Our opinion was and still is that the results 
obtained by different cooperators are, in general, within the reproducibility of the 
various methods. However, the reproducibility of the methods as used by the 
cooperators is not good. The spread of values is large and the position of a coopera- 
tor's value within the spread is rarely the same for all the steels. These facts indicate 
strongly that the value obtained by a method is influenced greatly by small variations 
in procedure. We are heartily in agreement with the suggestion that future work 
should include investigations of the effect of small variations in procedure, and to this 
end we made recommendations for the vacuum-fusion method. Considerable improve- 
ment in the reproducibility of the residue methods could be made by perfecting the 
procedure as has been done recently for the electrolytic iodine method. 

The conclusions that ‘‘the vacuum-fusion method yields accurate results for all 
eight of the steels” and “that the best results obtained by this method are close 
approximation of the true oxygen contents of each of the steels,” appears to some as 
being unjustified. These conclusions represent the authors' opinion, based on the 
cooperators' reports and on our experience. The agreement of results obtained by two 
iudependent methods was the criterion used for these conclusions, assuming that 
agreement in results obtained by two independent methods indicates that both 
methods yield accurate results. In our opinion the “best” values of the aqueous- 
iodine method are close approximations of the oxygen content for steels 4, 5, 6 and 8 
and the “best ” values for the vacuum-fusion method are in substantial agreement with 
these values. Our experience indicates that the vacuum-fusion method would tend 
to give low values for these types of steels but should give correct values for steels 1, 2, 
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3 and 7. Therefore we conclude that the vacuum-fusion method gives a close approxi- 
mation of the true oxygen content for each of the eight steels. 

We are in agreement with the opinion that there is as yet no ‘^incontrovertible 
proof” of the correctness of any method and that further research is necessary. In 
this respect we believe that the accuracy of any method must be determined by an 
investigation of several methods applied to a carefully selected series of steels, whose 
compositions should be such that at least one method would in all probability give 
correct values. An example of such a series would be low-carbon steels completely 
kiUed with A1 and containing increasing amounts of Mn. We believe, however, that 
further attention must be devoted to the details of procedure before the accuracy of 
the various methods can be satisfactorily determined. 


9 



Fractional Vacuum-fusion Analysis for Determination of 
Oxygen in Steel 

By S. L. Hoyt and M. A. Schbil,* Members A.I.M.E. 

(New York Meeting, February,- 1937) 

About three years ago eight standard steels were prepared for the 
cooperative investigation of methods for oxygen analysis, sponsored by 
the Iron and Steel Division of the American Institute of Mining and 
Metallurgical Engineers and by the National Bureau of Standards. A 
preliminary report of the results was made at the annual meeting of the 
A.I.M.E. in February, 1936. f This report showed the reliability of 
vacuum-fusion methods and further brought out certain advantages of 
the fractional vacuum-fusion method. The results obtained by the 
authors with the latter method will be discussed here, with some com- 
ments on the procedure for those who are interested in determinations 
of gases in steel. Some additional comments are offered on the use of the 
polarizing microscope for identifying the inclusions in the steel to check 
and amplify the findings of the fractional vacuum-fusion analysis. 
For details of the fractional method, see the paper by L. Reeved 

Degassing the Crucible 

One of the sources of error in vacuum-fusion methods has been the 
blank gases evolved from the graphite crucible after preliminary out- 
gassing. We have used 1750® C. as the outgassing temperature. This 
gives a base pressure at that temperature of less than 0.030 mm. after one 
hour and of 0.004 mm. on dropping the temperature to 1575® C. At lower 
extraction temperatures the base pressure is 0.001 mm. at 1050® C., 
0.002 mm. at 1170® and 0.003 mm. at 1320® C. Because of the size of our 
induction coil we are limited to this temperature, although it would be 
advantageous to use 1950® to 2000® C. Hamilton^, after outgassing at 
1850® C. for 100 min., was able to reach a base pressure of 0.001 mm. for a 
temperature of 1700® to 1725® C. This would give a blank corresponding 
to less than 0.00015 per cent O 2 and 0.00005 per cent H 2 . Chipman and 
Marshall outgas at 2000® C. for one hour by using a special construction 

Manuscript received at the office of the Institute Dec. 16, 1936. 

* Department of Metallurgical Research, A. 0. Smith Corporation, Milwaukee, 
Wis. 

t A full report was prepared and published later in the year, which includes all 
the methods used to investigate these steels^® (see page 246, this volume). 

^ References are at the end of the paper. 
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and a radiation shield of BeO. On the basis of a 20-gram sample of steel 
run for 30 min. at 1600° C. their blank corresponds to 0.00125 per cent 

02 and 0.00005 per cent H2^ Norton and Marshall^ degassed Tungar 
anodes which were made from Acheson graphite and found at 2150° C. 
that it is possible to degas graphite so completely that subsequent heating 
at a higher temperature gives no further gas. They observed that the 
gas evolved in the range of 1700° to 2200° C. is predominantly nitrogen. 
A typical analysis of the gas evolved at 2100° C. was given as: H2 nil, 
CO 9 per cent, CO2 4 per cent, N2 87 per cent. It is interesting that they 
found CO2 in the gases evolved from this particular graphite at tempera- 
tures from 1300° to 2100° C. 

We have had certain lots of Acheson graphite that contained small 
amounts of CO2 as well as CO, though it is usual to find H2, CO and N2 
after outgassing at 1750° C. The particular lot of Acheson graphite used 
for the cooperative samples gave off no nitrogen in the blank gases for 
the four separate fractions. A determination of the gases from the 
one-hour degasification showed only 4 per cent N2, which came off during 
the first half hour. The only blank correction required was for H2 and 
CO. Chipman and Marshall find about 40 per cent H2 and 60 per cent 
CO in the gases evolved after degasification at 2000° C. From this it is 
clear that graphite varies in content and analysis of gas and that is one 
reason we feel that an improvement would be effected by using a higher 
degassing temperature to eliminate the blank correction. In the work 
reported here the blank correction amounts to less than 0.002 per cent for 
oxygen and 0.0003 per cent for hydrogen for a sample run 30 min. at 
1575° C., while this could be lowered to about 0.001 per cent and 0.00005 
per cent, respectively, by outgassing at 2000° C. The blank gases evolved 
at lower extraction temperatures, with our outgassing procedure, are 
negligible, about 0.0006 per cent 62 and 0.0001 per cent H2, so that our 
results for FeO, MnO and Si02 are not vitiated from this source. We 
would also recommend increasing the size of the sample from 12 grams to 
at least 25, or even 50, to secure greater accuracy. A low content of gas, 
like that in well made killed steels, gives a small gas sample of about 

3 c.c. While volumes as small as 0.2 c.c. can be analyzed in our Orsat 
apparatus, the larger sample would give an undoubted advantage. 

We have made one other modification here which deserves mention. 
The graphite crucible originally described by Reeve has been changed 
slightly to give an inside diameter of in. and an outside diameter of 
M hi. This increases the clearance between the crucible and the refrac- 
tory sleeve to 3^^ in. This is not so necessary when beryllia is used instead 
of sillimanite. At the same time the bottom of the crucible has been 
cut down from a thickness of in. to Chipman found that 

radiation shields of BeO give less trouble than other materials and it was 
at his suggestion that we changed from the original sillimanite. With 
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these changes we have been able to increase the degassing temperature 
somewhat and to lower the blank correction, though this was done after 
the standard samples were run. 

Iron Oxide and Manganese Oxide 

In Reeve's early work we were not certain that FeO and IslnO could 
be determined separately and he reported the two fractions together, 
with a statement that one or the other predominated or that one was 
present only in traces. This distinction was made by follovdng the rate 
of change of pressure. If FeO was present a rapid gas evolution took 
place at 1050® C. and the gas was collected until the base pressure was 
established. Then the temperature was raised to 1150® C. and if a 
further gas evolution was noted by a distinct and slow rise in pressure, 
this was collected and called MnO. When there was less than 0.1 c.c. of 
gas in the first fraction, this was collected with the second fraction and 
was reported with that in the second fraction and called a trace of FeO. 
We have modified this procedure with the object of determining FeO 
and MnO separately, though not without encountering at least apparent 
difficulties. These are important to an understanding of the errors 
involved in the separation. 

Reeve had shown that the reduction temperatures of FeO and MnO 
are sufficiently different to justify taking one fraction at 1050® C. for 
FeO and another at 1170® C. for MnO. These temperatures, along with 
1320° and 1570® C. for the reduction of Si02 and AI2O3 in steel by carbon 
have been confirmed by the reduction of powdered oxides and silicates®, 
and it is felt that with the exception of alumina the reduction goes to 
over 90 per cent completion. Two points must be considered here to 
get a proper understanding of possible errors, the failure of the iron-tin 
alloy to become completely fused at the lower temperature and the 
possible interference of silicon in upsetting the reactions. 

The separation of FeO and MnO has always required close temper- 
ature control and frequent careful pressure readings. Samples high in 
FeO are particularly difficult to handle, especially when the sample is 
large and the FeO inclusions are massive. The 50 per cent Sn mixture 
we use does not melt completely until 1137® C., and solidifies at 1120® C., 
according to some recent determinations of this behavior. High-carbon 
samples have been observed to be molten at appreciably lower temper- 
atures, while the carburization that comes from the crucible also acts in 
that same direction. A test of the final regulus, which contained about 
6.5 per cent C and 70 per cent Fe, showed that it melted at 1110® C. 
and solidified at 1093® C. Of course this is not a good test of the melting 
point of the initial charge because much of the tin is lost during the high- 
temperature extractions. With a larger graphite crucible than we use it 
might be feasible to degasify the graphite, lower the temperature to 
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about 1350® C., drop the tin and outgas at this temperature, then lower 
the temperature to 1050® C. and drop the sample. The tin would form 
an 80:20 tin-iron alloy, which would fuse completely at 1050® C. 

Another possible source of error during the first two extractions is 
the metallic silicon content of the steel. If there were an appreciable 
amount of this element, it would be available for the reduction of FeO 
and MnO, to lower the determinations for those two constituents and 
increase the amount of oxygen as silica. We feel that this does not 
happen with the usual commercial steels and, in fact, if the steel is prop- 
erly made the silicon addition would insure the absence or practical 
absence of FeO. As a special test of this point we are fortunate in 
having Reeve’s data on a badly oxidized gray iron. He reported 0.047 
per cent O 2 as FeO and MnO, of which much was FeO, though the iron 
contained 3.0 per cent C, 1.7 per cent Si and 0.4 per cent Mn. The 
oxygen as silica was only 0.007 per cent, which indicated that no appre- 
ciable interference occurred because of the presence of metallic silicon. 
Our microscopic examination with polarized light indicated the presence 
of some such small amount of silica, and also showed appreciable amounts 
of FeO in the cast iron. This oxidized condition of the iron was asso- 
ciated with definitely inferior quality and we believe that these findings 
suggest possibilities in the use of these methods for studying cast iron 
which would more than likely yield valuable results. 

Metallic Vapoes 

A second point of great importance in vacuum-fusion analysis is the 
interference of vapors of manganese, aluminum, etc., which are distilled 
off the molten sample. It has been clearly shown that the presence of 
such vapors or their condensates in the colder portions of the furnace give 
oxygen values that are too low. In some recorded cases this error is so 
great that the results are entirely vitiated. Manganese is the most serious 
offender, as that element is volatile at the extraction temperatures and 
is likely to occur in commercial steels in amounts that produce a marked 
effect. Furthermore, it appears that with conditions apparently the 
same two observers may secure quite different results. 

Vacher and Jordan® have paid special attention to this interference 
of manganese in total oxygen” determinations, to which these com- 
ments apply specifically. At 1600® C. a substantial portion of the 
manganese may be distilled off, and they suggest that the CO evolved 
from the reduction of the oxides in the sample would be expected to 
react according to Mn + CO = MnO + C. This would lower the 
amount of CO recovered during the extraction. This effect became 
noticeable at about 0.24 per cent Mn when using a crucible containing 
one residue of the same steel. It should be noted that manganese in the 
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sample distills off to cause a lowering of the oxygen value if successive 
samples are allowed to accumulate in the crucible. By operating at 
lower pressures and removing the CO gas very rapidly from the furnace, 
the manganese effect can be very largely avoided. 

More recently this point has been critically analyzed by Thanheiser^, 
who reported investigations made in the Kaiser Wilhelm Institut ftir 
Eisenforschung. The results show that finely di\dded manganese reacts 
with pure CO in the temperature range 400® to 750® C. and at pressures 
of 60 mm. and less to form MnO and precipitate carbon. In addition, 
it was found that CO was absorbed even at room temperatures, but at 
temperatures below 300® C. no carbon was precipitated. Further experi- 
ments were made to decide whether it is possible by intensive cooling to 
eliminate the reaction between CO and Mn. CO was admitted during 
volatilization of Mn in such a way that the pressure never exceeded 1 mm. 
Hg. In these tests absorption of CO occurred even when the tube con- 
taining the Mn was intensively water-cooled. The investigation did not 
distinguish between a reaction of the Mn vapor with the CO and a 
reaction after condensation of the Mn on the inner surface of the tube. 
Further tests were made in which a sample of Bessemer steel with 0.023 
per cent O 2 was melted with Mn in vacuo to give a manganese content in 
the charge of about 2.4 per cent. By means of a special apparatus, a 
graphite bell was installed in the furnace tube, which could be raised or 
lowered, so as to be cooled or heated, without breaking the vacuum. 
By this method these investigators studied the influence of cooling or 
heating the surface upon which the manganese vapors condense. The 
tests verified the earlier results with manganese coatings and pure CO 
gas. The greater the cooling effect on the graphite, the greater was the 
quantity of CO retained by the manganese deposit, while heating the 
manganese deposit to a higher temperature gave normal oxygen deter- 
minations for the sample. 

This discussion of the interference of manganese, either as a vapor or 
as a condensed finely divided deposit, upon the total oxygen value by the 
total vacuum-fusion method brings up a similar question with the frac- 
tional method. The fractional method, by reason of the slow reduction 
of the different oxides at temperatures of 1050®, 1170®, 1320® and 1570® C., 
offers more opportunity for manganese interference than the total oxygen 
method. The latter is usually carried out in about 20 min. at 1600® C., 
while the fractional method involves holding the sample at 1320® C. for 

to 1 hr. and a similar period at 1570® C. However, it appears that 
tin not only lowers the melting point of the sample but also minimizes 
or completely inhibits the manganese effect, which undoubtedly is the 
reason that our results for total oxygen, secured by adding up the separate 
fractions, agree with the total oxygen determined by the regular vacuum- 
fusion procedure. About 60 per cent of the tin is volatilized during the 
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fractional vacuum fusion, and we presume it alloys with the metal vapors 
and lowers their reactivity with carbon dioxide. 

To illustrate the effect of tin on the recovery of oxygen from a high- 
manganese steel, we will discuss steel No. 2 of the cooperative samples, 
which contains 1.16 per cent Mn. The range of oxygen values reported 
by 13 investigators using the vacuum-fusion method was 0.010 to 0.018 
per cent. Though 54 of these values were between 0.010 and 0.016 per 
cent oxygen, the “selected” range for this steel was taken as 0.012 to 
0.018 per cent and represents the difficulties involved in determining the 
oxygen in this high-manganese steel. Furthermore, 0.014 to 0.018 per 
cent oxygen was thought to be probably the best range, with 0.017 per cent 
as the selected or preferred oxygen value for this steel. Our results with 
steel No. 2 show a total oxygen of 0.014 per cent, and, we feel, demon- 
strate the assistance of tin in the recovery of oxygen in a high-manga- 
nese steel. 

As far as we have been able to determine, the practice of using a fresh 
graphite crucible and a clean quartz furnace tube (cleaned in hydrochloric 
acid after each determination) for each fractional run has given total 
oxygen values (obtained by adding the oxygen of the four fractions; 
for example, FeO, MnO, Si02 and AI2O3) comparable to those obtained 
by the “total oxygen” method described by Vacher and Jordan®. 

In addition to manganese the only other metallic vapors that might 
interfere in determinations of the oxygen content of the carbon steels 
are those of aluminum and silicon. Diergarten® has observed a similar 
interference by aluminum when more than 0.3 per cent A1 was present, 
but this is well above the normal content. Vacher and Jordan could not 
find any interference by metallic silicon up to 4.0 per cent®. 

Fractional Nitrogen 

So far we have been discussing oxygen and the factors that affect 
complete oxygen removal from steel when heated in vacuo. We have 
now to consider nitrogen and the type of information on this element that 
is obtained by the fractional vacuum method. It was rather early 
recognized that nitrogen occurs in commercial steel and it was strongly 
suspected that nitrogen had certain specific effects on the properties and 
behavior of the material, mostly harmful effects. Chemical methods 
were developed for the determination of the (total) nitrogen and it 
has usually been wdth that figure that the behavior of the steel has 
been correlated. 

On the other hand, it has been recognized that other nitrides may 
occur in steel, or at least that nitrogen can occur in some association other 
than in simple solution in or combination with iron. Dr. C. M. Johnson, 
for example, has introduced a wet extraction method to distinguish soluble 
and insoluble nitrides in stainless steel as a step in this direction®. It 
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was also with the thought that the elements that form the more stable 
nitrides should improve the hardness of nitrided steel surfaces and lower 
the temperature of nitriding that Fry added such elements as aluminum 
to steel. It is our purpose to indicate how the fractional vacuum-fusion 
procedure can contribute to a better understanding of this problem. The 
justification for this discussion, or its basis, is the presence of nitrogen 
in varying amounts in the four fractions, bearing in mind that the pres- 
sure at the end of each fractional extraction dropped to the base pressure 
for the respective temperature. The first inference is that the various 
nitrogen fractions occur in the steel in combination with different elements 
as different molecular species, though they may be dissolved to some 
extent in the different oxides to be released when the oxide is reduced. 
The latter is at least a possible source of some of the nitrogen found. 

Our first and most serious consideration will be given to the thermal 
decomposition of a series of nitrides with increasing stability, and requir- 
ing higher temperatures for decomposition. 

Recently Fry^*^ has shown the disintegration of various nitrides by 
heating in vacuo at temperatures up to 1000° C. Iron nitride prepared 
by him starts to decompose at 400° C. and ends at 800° C., showing a 
maximum at 600° C. The residue analyzed 0.005 per cent N 2 . Manga- 
nese nitride when treated in the same manner begins to decompose at 
500° C. and is not completed at 1000° C. The residue analyzed 1.9 per 
cent N 2 . Aluminum nitride does not decompose at any temperature 
below 1100° C. Tschischewski^^ shows from experiments that silicon 
reacts with gaseous nitrogen at 1400° to 1500° C. to form a nitride, Si 2 N 3 , 
which dissociates at temperatures above 1400° C. in vacuo. According 
to Jean Rieber^^^ aluminum nitride decomposes above 1400° C. Other 
investigators have reported that this nitride does not dissociate at 1750° C. 
but Jordan and Eckman^® prepared silicon, aluminum, titanium, zir- 
conium, chromium and vanadium nitrides by heating powders of these 
metals at 1300° to 1350° C. in nitrogen and in nitrogen and hydrogen. 
Nitrified samples, 0.05 to 0.10 grams, were heated to 1650° C. in vacuo 
with 20 to 30 grams of electrolytic iron previously fused in graphite in 
vacuo. The results show that these nitrides were successfully disin- 
tegrated by vacuum-fusion procedure. 

While this evidence is not conclusive, it supports our present opinion 
that the nitrogen found in these four fractions is associated with some 
metals besides iron. Tentatively we like to call the nitrogen in the 1050° 
and 1170° C. fractions iron nitride and manganese nitride, and the nitrogen 
in the 1320° and 1570° C. fractions silicon and aluminum nitrides. 

There is much evidence in the literature^^ to show that the ordinary 
amounts of nitrogen in weld metal can be precipitated out as nitride 
plates by slowly cooling a sample from above the upper critical tempera- 
ture. It now seems likely that this nitrogen must be associated as iron 
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nitride in order to form the characteristic ^'nitride needles/' Nitrides 
other than iron nitrides such as we obtain in the fractions at 1320° 
and 1570° C. do not precipitate “nitride needles" when given a 
“nitride anneal." 


Table 1. — Nitrogen Determinations 


Fraction at 

Form 

Gases Determined as Nitrogen, Per Cent 

Bessemer 

Steel 

Weld A 

Weld B 

Weld C 

1050° C. ? 

Fe and 

0.001 

0.022 

0.009 

0.001 

1170° C. 5 

Mn nitrides 

0.001 

0.002 

0.000 

0.000 

1320° C. 

Possibly Si nitride 

0.004 

0.012 

0.010 

0.004 

1570° C. 

Possibly A1 nitride 

0.009 

0.013 

0.017 

0.009 


Total nitrogen 

0.015 

0.049 

0.036 

0.014 


Nitride needles 

No 

Yes 

No 

No 


This sample of Bessemer steel did not show nitride needles after the 
annealing treatment though its “total" nitrogen content is commonly 
assumed to be high enough, and neither does the weld metal C. In both 
the iron nitride, or first fraction nitrogen, is low. 

Weld metal A contains high nitrogen in the first fraction and the 
annealed microsection shows the characteristic needles. Weld metal B, 
with only 0.009 per cent N 2 in the first and second fraction but with 
about the same amount in the third and fourth fractions as weld A, does 
not show nitride needles in the microsection after being given the same 
heat-treatment that brought them out in weld A. 

The nitrogen determined by wet chemical methods does not distinguish 
iron nitride from other possible combinations of nitrogen and in this 
respect the full significance of the determination is lost. Nitrogen deter- 
minations by the distillation method compare favorably with the total 
nitrogen by vacuum fusion. On weld metal A the total nitrogen by 
distillation was reported as 0.053 per cent. 

Microscopic Examination op Steels 

After completing the fractional vacuum-fusion analyses of the eight 
cooperative samples, each sample was examined for inclusions, with the 
metallurgical microscope using plain light and polarized light. The 
authors have described their equipment and technique in a previous 
publication^^ A longitudinal and a transverse cross section of each 
sample was prepared for metallographic examination, by the automatic 
polishing machine. On examining these two sections we found that the 
longitudinal specimen was best suited to a study of the inclusions. 
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Our regular procedure is first to observe the degree of cleanliness, size, 
distribution and color of the visible inclusions. After this examination 
the same field is observed with reflected polarized light, to distinguish 
opaque from optically active inclusions. Then, by rotation of the speci- 
men about the optical axis, the bright inclusions are further classified as 
glassy or transparent crystalline, and are more closely characterized by 
means of their coloring and optical effects. 

The use of reflected polarized light with crossed nicols establishes the 
combination of many of the oxide inclusions and when used in conjunction 
with the fractional oxide analysis gives a more complete understanding of 
the oxide inclusions. 

Steel No. 1. LoW’-carhon Rimming Steel. — Our sample shows a very 
complex stringer inclusion 0.4 mm. below the rolled surface. This inclu- 
sion sho^vs fine networks of FeS separating MnO-MnS. Judging from 
the optical activity of this inclusion in reflected polarized light, we con- 
clude that parts of the constituents that appear dark as observed with 
plain reflected light in this complex inclusion contain Si02. The brown 
color of the optically active inclusions with crossed nicols suggests that 
this is a silicate contaminated with FeO and MnO by reason of the trans- 
mitted color. Near the center of the longitudinal cross section our 
sample shows a very interesting complex, broken stringer. The size of 
several of these permitted us to give this inclusion a thorough examina- 
tion. In plain reflected light we observe in many of these inclusions well 
formed individual crystals of nearly the same color as the matrix. Our 
automatic polisher did not show up a difference in hardness between the 
crystals and their matrix, but a scratch test made with a diamond point 
showed the crystals to be somewhat harder than the matrix. Reflected 
polarized light with crossed nicols shows the whole inclusion in many 
cases to be optically active. Upon rotation of the specimen the indi- 
vidual crystals show marked birefringence and exhibit brilliant reflected 
colors. Occasionally the matrix is bright, but usually shows a reddish 
brown color. From our observations of these inclusions the individual 
crystals appear to be a refractory iron-chromium-aluminate in a matrix of 
silicate contaminated with other oxides. The other inclusions present 
were observed as opaque inclusions and are identified as fine stringers 
of MnO-MnS. In a few of the small stringers we observed roimded 
silicate inclusions. All that we observed were contaminated to the 
extent that they showed colors of some other oxide constituent. We 
suspect that the complex iron-chromium-aluminate present near the 
center of the rolled bar may be the result of some furnace or ladle refrac- 
tory carried into the ingot mold during pouring. 

Steel No 2. Medium’-carhon High-manganese Silicon-killed Steel . — 
Most of the inclusions in the section prepared for this steel were found to 
be MnO*MnS stringers of a light gray color in plain illumination. There 
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are a few inclusions of a darker gray color, though similar in size to the 
lighter color MnO*MnS stringer inclusions, which show optical activity 
and are probably manganese silicate stringers. From our analysis we 
expected to find more of these glassy manganese silicates, and the only 
reason that we can give is that some large silicate inclusions were missed 
by the section examined. This is substantiated by the time of reaction 
that was necessary to reduce the third fraction, Si 02 , in this sample. 
Instead of the usual 30-min. period, which is about the normal time 
required to reduce Si 02 in silicon-ldlled steels, this particular sample 
required about one hour to reach the normal base pressure for 1320° C. 
Similar results have been experienced with weld-metal samples in which 
large silicates occurred, and it is not unusual on some samples that we 
have analyzed to see large inclusions carried to the surface of the bath. 
There they appear to boil while the gas pressure in the furnace indicates 
that reduction is proceeding slowly. 

Steel No, 3. Bessemer Screw Stock; Rimming Steel, — Our sample 
shows a large amount of opaque stringer inclusions with reflected polarized 
light and crossed nicols. These opaque inclusions are mainly MnO*MnS 
stringers. We observed a few long optically active stringers of impure 
silicates under the rolled surface of the bar and also through the central 
portions of the bar. Frequently we observed short stringers of MnO*MnS 
with optically active tails, which again we would identify as sili- 
cates, We did not observe any characteristic segregations of alu- 
mina in our examination of this steel but we expect that the alumina 
is associated with the silicate. We are not able to identify it with our 
present technique. 

The fractional vacuum-fusion analysis of this steel shows that not 
more than 0.002 per cent nitrogen occurs as iron nitride, though there is an 
appreciable amoimt associated with the deoxidizers. After giving this 
sample a heat-treatment to precipitate iron nitride, we did not observe 
any needlelike constituent. 

Steel No, 4. Low-carhon Special Aluminumr-killed Steel, — Our sample 
is very clean and shows a few fine sliverlike inclusions, all very small. 
There are no inclusions that show any optical activity with polarized 
light, from which we conclude that any alumina dispersion must be sub- 
microscopic. This is a fine-grained steel by the McQuaid-Ehn test. 

Steel No, 5. Low-carhon Silicorirkilled Steel, — The results with this 
steel with polarized light agreed very well with the results of the fractional 
vacuum-fusion analysis. We observed small stringer inclusions in our 
sample and identified many of them as manganese silicates with some 
additional opaque inclusions of MnO*MnS. The time for the third 
fraction of this steel indicates that it does not have such large inclusions 
as steel No. 2; the Si02 was completely reduced in less than 30 min. The 
tabulated data show that both steels contain about the same amount of 
oxygen as silica. 
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Steel No. 6. Medium-carbon Silicon-killed Steel— This steel has the 
appearance of a high-quality forging steel. The examination with polar- 
ized light confirmed the results of the fractional vacuum-fusion analysis. 
Tiny stringer inclusions predominated in our sample and were identified 
as MnO-MnS. A few manganese silicate stringers were observed, 
partly as tails on a few of the elongated MnO*MnS inclusions. 

Table 2. — Results of Tests by Fractional Vacuum Fusion 
Steel No. 1. Low-cakbon Rimming Steel 
Chemistry: C, 0.03; Mn, 0.31; P, 0.011; S, 0.036; Si, 0.004; Cr, 0.004; V, 0.001 

Oxygen by Int. Coop. Report: Range, 0.016 to 0-020 per cent O 2 , Selected value, 
0.018 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 10.95 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as j 

Weight Per CJent 

1 ! 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 
Seduction, 
Min. 

Oxide 

O 2 

N* 

Ht 

1050 

FeO 

0.009 

0.002 

0.001 

0.0003 

1.10 

60 

1170 

MnO 

0.058 

0.013 

0.000 

0.0001 

2.29 

30 

1320 

Si02 

0.002 

0.001 

0.000 

0.0002 

0.71 

30 

1570 

AI2O3 

0.007 

0.004 

0.002 

0.0000 1 

1.32 

30 

Total 


0.076 

0.020 


0.0006 

5.42 



Steel No. 2. Medium-cabbon High-manganese Silicon-killed Steel 
Chemistry: C, 0.42; Mn, 1.15; P, 0.020; S, 0.025; Si, 0.26; Cr, 0.022; V, 0.001 

Oxygen by Int. Coop. Report: Range, 0.012 to 0.018 per cent O2. Selected value, 
0.017 per cent O2 


Gases by Fractional Vacuum Fusion: Sample Weight 10.70 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 

1 Seduction, 
Min. 

Oxide 

0* 

N* 

Hs 

mm 

FeO 

0.005 


0.002 

0.0002 

1.00 

45 


MnO 

0.027 


0.000 

0.0002 

1.31 

45 


SiOa 

0.011 


0.000 

0,0002 

1.54 

50 

1570 

AI2O8 

0.002 

0.001 

0.001 

0.0002 

1.04 

30 

Total 


0.045 

0.014 

0.003 

0.0008 

4.89 



Steel No. 7. Open-hearth Iron; Rimming. — ^Both microsections of this 
sample show only opaque inclusions with reflected polarized Kght and 
crossed nicols. With plain reflected light these inclusions appear as 
globular or semi-elongated globular shapes, and all are single-phase 
inclusions identified as FeO. We were not able to observe any optically 
active inclusions such as silicates or aluminates. 
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Steel No, 8. Low-carbon Special Steel; Aluminum-hilled . — Both 
microspecimens show a segregation of inclusions appearing near the center 
of the bar. These inclusions are fine and appear in bands running longi- 
tudinally through the bar. With crossed nicols we observed a few inclu- 
sions with the optical cross, characteristic of Si 02 and a great many more 
inclusions that show optical activity. From the appearance, difficulty in 

Table 2. — {Continued) 

Steel No. 3. Bessemer Screw Stock, Rimming Steel 
Chemistry: C, 0.12; Mn, 0.72; P, 0.101; S, 0.168; Si, 0.024; Cr, 0.006; V, 0.004 

Oxygen by Int. Coop. Report: Range, 0.014 to 0.020 per cent O 2 . Selected value, 
0.017 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 10.52 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

WeigM Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 
Reduction, 
Min. 

Oxide 

O 2 

N2 

Hs 

1050 

FeO 

0.007 

0.002 

0.001 

0.0002 

0.92 

45 

1170 

MnO 

0.049 

0.011 

0.001 

0.0002 

2.28 

45 

1320 

Si02 

0.007 

0.004 

0.004 

0.0002 

1.84 

60 

1570 

AI 2 O 8 

0.010 

0.004 

0.009 

0.0000 

1.65 

30 

Total 


0.073 

0.021 

0.015 

0.0006 j 

6.69 



Steel No. 4. Low-carbon Special Aluminum-killed Steel 
Chemistry: C, 0.17; Mn, 0.65; P, 0.014; S, 0.029; Si, 0.09; Cr, 0.008; V, 0.001 


Oxygen by Int. Coop, Report: Range, 0.001 to 0.004 per cent O 2 . Selected value, 
0.002 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 11.17 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 
Reduction, 
Min. 

Oxide 

O 2 

N 2 

Ha 

1050 

FeO 

0.000 

0.000 

0.000 

0.0001 

0.27 

20 

1170 

MnO 

0.000 

0,000 

0.000 

0.0001 

0.18 

15 

1320 

SiOs 

0.002 

0.001 

0.000 

0.0001 

0.54 

30 

1570 

AI 2 O 3 

0.008 

0.004 

0.002 

0.0000 

1.34 

30 

Total. . . . 


0.010 

0.005 

0.002 

0.0003 

1 

2.33 



polishing without fracturing, and the optical activity of these small 
inclusions, they are probably aluminum silicates such as Herty^® 
describes. Our oxygen analysis indicates that there is twice as much 
oxygen as silica as there is oxygen as alumina. Other methods, principally 
wet extraction methods, indicate the opposite. We have run check 
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analyses on this sample and have obtained identical results regarding the 
amount of oxygen as silica and alumina, and the total oxygen of our 
fractions checks well with the total oxygen by vacuum fusion. Our 
examination with crossed nicols does show positive evidence of the occur- 
rence of some silica in the inclusions but we are not able to distinguish 
ferrous aluminate and alu m inum silicate by our present technique. We 

Table 2. — {Continued) 

Steel No. 5. Low-carbon Silicon-killed Steel 
Chemistry: C, 0.22; Mn, 0.45; P, 0.020; S, 0.042; Si, 0.14; Cr, 0.020; V, 0.001 


Oxygen by Int. Coop. Report: Range, 0.007 to 0.011 per cent O 2 . Selected value, 
0.009 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 11.11 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

1 1 

1 Volume at ; 
1 Normal ! 
: Temp, and i 
Pressure, c.c.j 

Time for 
Reduction, 
Min. 

Oxide 

O2 

N2 

H2 

1050 

FeO 

0.000 

0.000 

0.000 

0.0001 

0.27 

15 

1170 

MnO 

0.018 

0.004 

0.001 

0.0001 

j 1.07 

1 45 

1320 

SiOa 

0.013 

0.007 

0.000 

0.0003 

1.52 

30 

1570 

AI2O3 

0.002 

0.001 

0.001 

0.0000 

0.54 

15 

Total .... 


0.033 

0.012 

0.002 

0.0005 

3.40 

j 



Steel No. 6 . Medium-carbon Silicon-killed Steel 


Chemistry: C, 0.43; Mn, 0.47; P, 0.014; S, 0.027; Si, 0.20; Cr, 0.012; V, 0.001 


Oxygen by Int. Coop. Report: Range, 0.005 to 0.008 per cent O 2 . Selected value, 
0.007 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 11.25 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 
Reduction, 
Min- 

Oxide 

O2 

Nz 

H2 

1050 

FeO 

0.000 

0.000 

0.000 

0.0001 

0.31 

30 

1170 

MnO 

0.013 

0.003 

0.000 

0.0001 

0.70 

30 

1320 

Si02 

0.004 

0.002 

0.000 

0.0001 

0.62 i 

30 

1570 

AI 2 O 3 

0.002 

0.001 

0.003 

0.0000 

0.76 

30 

Total. . . . 


0.019 

0.006 

0.003 

0.0003 , 

2.39 



believe, however, that there is small possibility of ferrous aluminate, if it 
were present, escaping reduction at 1050°, 1170° and 1320° C. Another 
alternative is that finely dispersed aluminum silicate may be reduced 
entirely at the third fraction. The alumma so reduced would appear in 
the third fraction. G. T. Motok^^ has recently discussed some results 
obtained by fractional vacuum-fusion analysis of commercial steels. In 
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this work he has reported" oxygen as aluminum silicate in a fraction at 
1515® C. between siHca at 1320° and alumina at 1650° C. (Motok states 
that if the alumina particles are fine, a complete reduction can be made 
at 1570° C.)* This aluminum silicate fraction is new and it may well be 
that steel No. 8 contains this type of inclusion, and that it is responsible 
for our results on silica and alumina. Obviously, the examination with 
polarized light would be capable of giving strong supporting evidence. 

Table 2. — {Continued) 

Steel No. 7. Open-hearth Iron, Rimming 
Chemistry; C, 0.016; Mn, 0 . 02 ; P, 0.011; S, 0.022; Si, 0.003; Cr, 0.009; V, 0.001 

Oxygen by Int. Coop. Report: Range, 0.100 to 0.110 per cent O 2 . Selected value, 
0.106 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 13.22 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, o.c. 

Time for 
Reduction, 
Min. 

Oxide 

O 2 

Ns 

Ha ' 

1050 1 
1170 ) 

FeO 

0.449 

0.100 

0.003 

0.0000 

20.37 

240 

1320 

Si 02 

0.006 

0.003 

0.001 

0.0001 

1.25 

30 

1570 

AI 2 O 3 

0.000 

0.000 

0.000 

0.0000 

0.31 

30 

Total .... 


0.455 

0.103 

0.004 

0.0001 

21.93 



Steel No. 8. Low-carbon Special Steel, Aluminum-killed 
Chemistry: C, 0.20; Mn, 0.45; P, 0.014; S, 0.033; Si, 0.03; Cr, 0.012; V, 0.001 

Oxygen by Int. Coop. Report: Range, 0.015 to 0.019 per cent O 2 . Selected value, 
0.017 per cent O 2 


Gases by Fractional Vacuum Fusion: Sample Weight 10.81 grams 


Tempera- 
ture of 
Fraction, 
Deg. C. 

Oxygen as 

Weight Per Cent 

Volume at 
Normal 
Temp, and 
Pressure, c.c. 

Time for 
Reduction, 
Min. 

Oxide 

Os 

Ns 

Hs 

1050 

FeO 

0.000 

0.000 

0.000 

0.0001 

0.36 

30 

1170 

MnO 

0.009 

0.002 

0.000 

0.0002 

0.58 

30 

1320 

SiOa 

0.017 

0.009 

0.001 

0.0001 

2.32 

60 

1570 

AI 2 O 3 

0.011 

0.005 

0.002 

0.0000 

1.69 

30 

Total .... 


0.037 

0.016 

0.003 

0.0004 

4.95 



If we were able to take these inclusions out of the steel sample and study 
them in thin section or dispersed in a liquid of the same index of refraction, 
by the method that has been described by Larsen and Berman^®, we should 
be able to identify them positively by their index of refraction and 










5. L. HOYT AND M. A. SCHEIL 


327 


birefringence and in this manner settle the discussion regarding their 
hot reduction. 

Resxjlts of Fractional Vacttum-fiision Analysis 

Table 2 gives our complete results on the cooperative samples. 

Summary 

In this paper we have presented our results for the eight samples used 
for the cooperative study of methods for determining oxygen in steel 
sponsored by the Iron and Steel Division of the A.I.M.E. and by the 
National Bureau of Standards. Some comments are offered to help 
clarify and improve the fractional method. In particular, we have dis- 
cussed fractional nitrogen to indicate the status of such determinations, 
and we have shown how the polarizing microscope may be used to assist 
in the study of the oxides in the steel. 

Acknowledgment 

We wish to express our appreciation of the opportunity afforded by 
the oflScials of the A. 0. Smith Corporation to study these samples and 
for permission to publish the results. 

References 

1. L. Reeve: Improvements in the Vacuum-fusion Method for Determination of 

Gases in Metals. Trans, A.I.M.E. (1934) 113, 82-110. 

2. N. Hamilton: Determination of Oxygen in Alloy Steels and Its Effect upon Tube 

Piercing. Trans. A.I.M.E. (1934) 113, 110-125. 

3. S. Marshall: Private communication, April 13, 1936. 

4. F. J. Norton and A. L. Marshall: The Degassing of Metals. A.I.M.E. Preprint, 

February, 1932. 

5. G. Ericson and C. Benedicks: Jemkontorets Ann. (1931) 86, 549. Abst.: Stahl 

und Eisen (1932) 62, 565. 

6. H. C. Vacher and L. Jordan: Determination of Oxygen and Nitrogen in Irons 

and Steels by the Vacuum Fusion Method. Nat. Bur. Stds. Jtd. of Research 
(1931) R.P. 346, 375-401. 

7. G. Thanheiser : Determination of the Gases in Steel by the Hot Extraction Method. 

Jnl. Iron and Steel Inst. (1936) 84, pt. II, 359-392; Stahl und Eisen (1936) 
66, 1125-1132. 

8. H. Diergarten: Archiv. Eisenhuttenwesen (1930) 3, 577-586. 

9. C. M. Johnson: Iron Age (July 26, 1934) 10. 

10. A. Fry: Jnl Iron and Steel Inst. (1932) 126, 191-222. 

11. N. Tschischewski : Jnl. Iron and Steel Inst. (1915) 92, 47-90. 

12. J. Rieber: Doctor's Thesis, Technische Hochschule, Hanover, 1930. Metals and 

Alloys, Abstracts (1932) 3, MA-326 R/1. 

13. L. Jordan and J. R. Eckman: Nat. Bur. Stds. Sci. Paper No. 563 (1927) 467-485. 

14. L. W. Schuster: Engineering (Oct. 24, 1930) 538-540. 

15. S. L. Hoyi; and M. A. Scheil: Trans. A.I.M.E. (1935) 116, 405-424. 

16. C. H. Herty, Jr.: The Deoxidation of Steel. Coopercdwe BuUetin No. 69- 

17. G. T. Motok: Amer. Soc. Metals Preprint No. 26, Oct. 1936 Convention. 



328 


DETEBMINATION OF OXYGEN IN STEEL 


18. E. S. Larsen and H. Berman: Microscopic Determination of the Non Opaque 

Minerals. U. S. Geol. Survey BulL 848. 

19. J. G. Thompson, H. C. Vacher and H. A. Bright: Cooperative Study of Methods 

for Determination of Oxygen in Steel. This volume, 246. 

DISCUSSION 

(C. H. Herty, Jr,, presiding) 

S. Marshall and J. Chipman,* Middletown, Ohio (written discussion).— 
This paper is a timely supplement to the cooperative report (pp. 246 to 291), in that 
it describes the method by which the only fractional vacuum-fusion results reported 
were obtained. In our experience with the fractional method, ingot iron and low- 
carbon steel do not dissolve in liquid tin at 1050®. We hesitate, therefore, to accept 
any conclusions whatsoever regarding the source of the oxygen in this fraction. Not- 
withstanding this point of uncertainty, the results obtained by this method, both for 
FeO and for MnO, are more in keeping with the melting practice and inclusion 
content than are those of any other method. 

The authors^ observation that the error caused by distillation of manganese is 
minimized by the presence of tin constitutes a most valuable contribution to the 
development of the vacuum-fusion method. This source of error has been a stumbling 
block to many investigators, and in the past has been overcome only by the use of 
exceptionally high-speed vacuum pumps. We have obtained a full confirmation of 
this observation by determinations of the total oxygen content of steel No. 2. This 
steel contains 1.15 per cent Mn, which is far above the range for which our apparatus 
was designed. Without tin we found 0.011 to 0.013 per cent O 2 , with tin 0.017 per 
cent. Similarly with sample No. 4, containing 0.65 per cent Mn, we found 0.001 
without tin, and 0.0025 per cent O 2 when tin was employed. 

As regards the blank correction, it is hard to conceive of a correction at 0.001 mm. 
being negligible and one at 0.004 mm. not being excessive. Most operators strive 
for a pressure of 0.001 mm. or less at 1600® C. in running *Hotal” oxygen, and do not 
have negligible blanks even for fairly short degassing periods, while in some of the 
eases reported the first, or 1050® C., fraction is degassed from 30 min. to 1 hr., and 
sample No. 7 was degassed 4 hr. 

In our opinion the nitrogen found in the blank gas after thorough outgassing comes 
from small leaks in wax seals or other parts of the system. We have used several 
different lots of Acheson graphite in the same furnace without finding any nitrogen 
in the blank. The discussion on fractional nitrogen is the first attempt to estimate 
the amoimts of various nitrides that has come to our attention. It seems, however, 
that the temperatures of dissociation as reported would overlap so much that a sharp 
differentiation of the nitrides would be impossible. The supposition that the nitrogen 
of the final fraction comes from aluminum nitride ought to be capable of experimental 
verification or disproof by an accurate determination of aluminum. If the nitride 
is AIN, 0.01 per cent N is associated with 0.015 per cent Al, which is rather high either 
for weld metal or for Bessemer steel.J 

J. H. ScAFF,t New York, N. Y. — It is our practice in carrying out an oxygen 
determination by the vacuum-fusion method to measure the blank correction both 
before and after the oxygen determination itself, in order to be certain that no extrane- 


* Associate Director, Research Laboratories, American Rolling Mill Co. 
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ous factors enter during the analysis. We have carried out only a few' experiments 
using the fractional procedure, but in these we noted that a rather large amount of 
tin was vaporized and subsequently deposited on the radiation screen and silica furnace 
tube during the determination of the Si02 and AI 2 O 3 fractions. The blank corrections 
measured subsequent to these determinations were substantially larger than the 
empty-crucible values, indicating that the tin deposit in some manner increased 
the evolution of gas from the various parts of the furnace, perhaps by promoting the 
reduction of refractory parts by carbon. I should like to ask Dr. Hoj't w'hether 
he has observed this effect and whether special precautions are necessary to minimize 
the influence of vaporized tin on the determination. 

S. L. Hoyt and M. A. Scheil (written discussion). — It is gratifying to have 
confirmation by Messrs. Marshall and Chipman of the assistance of tin in the recovery 
of oxygen in the high-manganese steel. The remainder of their discussion relates 
to points that might be classed as ''uncertainties'' of the fractional method. We are 
fully aware of the points raised and it was with the realization that such points can 
be cleared up only by checks obtained from other and reliable means that we have 
examined our samples by polarized light and in other ways. One powerful reason 
for our participating in this cooperative investigation was the opportunity it pro- 
vided to compare our results with others. On that account we note with approval 
the remark regarding the uncertainty of FeO and MnO by the fractional method 
that the results we report "are more in keeping with the melting practice and inclusion 
content than are those of any other method." It is experience such as we mention 
here that gives us confidence in our FeO and MnO determinations, in spite of the 


Table 3. — Blank Gases in Grams^ 



Results with New Tin 
12.29 Grams 

Temperature of 
Fractions, Deg. C. 

Results with Old Tin 
10.24 Grams 

Ha 

0.000012 

1060 and 1170 

0.000016 



0.000032 


0.000050 

H 2 

0.000015 ] 

1320 

0.000024 

Oa 

0.000064 i 


0.000064 

Ho 

0.000031 

1570 

0.000032 

Oa 

0.000185 


0.000388 


® After outgassing graphite crucible at 1720° C. for one hour. 


criticism that the sample does not melt completely in the first fraction. Even so, we 
feel the point is well taken and in our paper we suggest a method for securing fusion. 

We do not agree with their opinion that the nitrogen found in the blank gas 
after thorough outgassing comes from small leaks in the system. If this were entirely 
true, then free oxygen would also be present. Our standard practice in ma k i n g gas 
analyses of the blanks and fractions from the sample is to determine the presence of 
free oxygen by passing the diluted gas sample through alkaline pyrogaUol. Leaks 
that may be detected in this manner are rarely encountered. 

Coming now to the comments on fractional nitrogen, while we have suggested 
that the nitrogen in the third and fourth fractions is associated with silicon and 
aluminum, we do not believe that this is always present as a defimte compound such 
as AIN would suggest. We have pointed out in the paper that nitrogen could be 
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dissolved in some of the different oxides. We sincerely hope that investigators in the 
future will be able to take up this method and carefully work out all the details. 

Replying to Mr. Scaff : as far as we have been able to determine, the vapors or 
condensate of tin do not react with the furnace refractory to cause additional gas 
evolution. We have noted, on certain lots of C.P. stick tin, that the blank gases in 
the fourth fraction at 1570° C. for AI 2 O 3 , were slightly increased. 

At one time we ran a series of blanks on graphite crucibles from the same lot, 
using two different lots of tin. After outgassing, the tin was dropped in the evacu- 
ated crucible at 1050° C. and the gases collected in the regular manner from each 
fraction and analyzed. 

Table 3 shows the blank gases at the different fraction temperatures for H-hr. 
periods of evacuation for these two different samples of tin. 

The differences in the blank gases are mainly in the fourth fraction. The increase 
in hydrogen and oxygen using the old tin as compared to the new material results in 
0.000018 gram of hydrogen and 0.000239 gram of oxygen when comparison is made 
on the basis of H-hr. fractions at 1050°, 1170°, 1320° and 1570° C. 

A total vacuum fusion of the old tin was made at 1570° C. and the gases deter- 
mined on about a 10-gram sample. Our analysis showed 0.000020 gram of hydrogen 
and 0.00023 gram of oxygen, which agrees very well with the increased yield of blank 
gases as determined by the separate fractions. 

It is quite likely that samples of C.P. stick tin can vary in oxygen content, and 
we have found it necessary to use a material that has a negligible oxygen content. 
It is for this reason that we recommend dropping the tin, to be alloyed with the 
sample, separately after the high-temperature outgassing, so that any blank result- 
ing from gases in the tin can be pumped off before the determination of the gases in 
the steel sample. 



Effect of Temperature upon Interaction of Gases with Liquid 

Steel 


By John Chipman,* Member A.I.M.E. and A. M. SAMARiNf 

(New York Meeting, February, 1937) 

It has been long known that the gas evolved during the boil in the 
open-hearth furnace is mainly carbon monoxide associated with smaller 
quantities of other gases. A number of attempts have been made to 
deter min e the precise effects of carbon and oxygen content of the bath, 
and of other factors, such as temperature, upon the evolution of carbon 
monoxide. In his investigation of the carbon-iron oxide product in liquid 
steel, Herty^ showed that the value of this product at equilibrium could be 
approximated by plotting the value of the product observed in open-hearth 
reactions against rate of carbon elimination, and extrapolating to zero 
rate. The results of this study showed a slight but definite effect of 
temperature upon the carbon-iron oxide reaction. 

Experimental studies of the evolution of gases from rimming-steel 
ingots have not yet attained the degree of precision necessary for an exact 
understanding of the effects of pouring temperature, carbon content, and 
iron oxide in the metal upon the composition of these gases. Klinger^ 
showed that the gas consists mainly of carbon monoxide, and that con- 
siderable variation in its composition occurs during the solidification of the 
ingot. In order that these variations may be understood in their proper 
relationship to the progress of solidification of the ingot and the segrega- 
tion that accompanies solidification, it is essential to have a knowledge 
of the condition of equilibrium in the several chemical reactions by which 
the gases are being formed. It is also necessary to understand the effects 
of temperature upon the equilibria, and further, to know the manner in 
which the temperature of the liquid metal within the ingot changes as the 
skin of the ingot is being built up. 

The reactions in which we will be chiefly interested are those involving 
in the one case the oxides of carbon, and in the other case steam and 

The experimental work reported in this paper was carried out in the laboratories 
of the Department of Chemical and Metallurgical Engineering, University of 
Michigan, Ann Arbor. The authors express their appreciation to Prof. A. H. White, 
Chairman of the Department, for the facilities of the laboratory. Manuscript 
received at the office of the Institute Nov. 30, 1936. 

* Associate Director, Research Laboratories, The American Rolling Mill Co., 
Middletown, Ohio. 

t Director, Research Department, Moscow Institute of Steel, Moscow, U. S. S. R. 

^ References are at the end of the paper. 
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hydrogen, with iron oxide and carbon in the liquid metal. The reactions 
as they occur in unalloyed liquid iron, and their respective equilibrium 
constants are written as follows: 

FeO (in Fe) + Hs = Fe (liq.) + HaO; K = ( 22 )(% FeO) 

CO 

FeO (in Fe) + CO = Fe (liq.) + CO 25 K = FeO) 

C (in Fe) + CO 2 = 2CO; K = [3] 

FeO (in Fe) + C (in Fe) = Fe (Hq.) + CO; K = (y^FioK%C) 

An experimental study by Vacher and Hamilton® of the reaction by 
which iron oxide and carbon are formed in liquid iron from carbon monox- 
ide and carbon dioxide provided the first quantitative study of the com- 
plex equilibria represented by equations 3 and 4. Their experiments 
were carried out at 1620® C., and their conclusion was that at equilibrium 
the product of carbon times iron oxide in the metal is approximately 0 . 011 . 
Their gas compositions were not known with sufficient accuracy to deter- 
mine the ratio of carbon dioxide to carbon monoxide as a function of the 
iron oxide content of the metal. 

The effect of iron oxide content upon the ratio of steam to hydrogen 
in the equilibrium gas was studied by Chipman^ and later by Fontana and 
Chipman®, who obtained an accurate value for the equilibrium constant 
of reaction 1 at 1600° C. More recently, Vacher®, using an improved 
technique, has obtained very accurate values for the several equilibrium 
constants involved in the evolution of carbon monoxide and carbon 
dioxide from liquid iron at 1580° C. In the same paper he reports 
approximate values for the steam-hydrogen equilibrium, which are essen- 
tially in agreement with those of the writers. The situation regarding 
these reactions may be summed up by stating that at the present time we 
know quite accurately the condition of equilibrium in the steam-hydrogen 
reaction ( 1 ) at 1600° and in the CO-CO 2 reactions ( 2 , 3 and 4), at 1580° C. 
The effects of temperature upon these reactions have not previously been 
studied with accuracy. The determination of the effect of temperature 
upon reaction 1 was the object of the experimental work reported in this 
paper. It will also be shown how, with the aid of the data obtained and of 
Vacher’s results at a single temperature, the effect- of temperature upon 
the other three reactions can be computed with considerable accuracy. 

Expeeimental Method 

The apparatus employed in this study was essentially the same as that 
previously used by Fontana in his work at 1600°. The induction furnace 
is shown in Fig. 1 . A mixture of steam and hydrogen prepared by passing 
purified hydrogen through a water saturator maintained at constant 
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temperature in a thermostat was passed 
into the apparatus through the sillima- 
nite tube directed toward the surface 
of the melt. The gas mixture was pre- 
heated by means of a small resistance 
element made of platinum wire. Tem- 
peratures were measured by means of 
an optical pyrometer of the disappear- 
ing-filament type, which was frequently 
checked against the melting point of 
electrolytic iron, 1530° C. 

Two methods were used for prepar- 
ing the electrolytic iron for the experi- 
ment. In one of these the iron was 
melted in vacuo and allowed to solidify 
in the same crucible in which it was 
later to be used. For other experi- 
ments the iron was melted in an open 
magnesia crucible and cast into long 
rods, which could be cut up into pieces 
of appropriate size for melting in the 
small equilibrium furnace. The first 
method produced iron of somewhat 
lower oxygen content than that 
obtained during the equilibrium meas- 
urements, while the second method 
produced an iron of considerably higher 
oxygen content. By using these two 
types of iron, we were assured of 
approaching the condition of equilib- 
rium from both sides. 

The crucibles were made of mag- 
nesia, with the exception of the one 
used in run No. 5 (Table 1) which was 
of beryllia. The only difference noted 
was that in beryllia crucibles it was very 
difficult to obtain the high tempera- 
tures desired, probably because of the 
higher thermal conductivity of this 
material. 

The liquid iron bath was exposed 
to the steam-hydrogen mixture for 2 
hr., after which it was cooled, sectioned 





Fig. 1. — Furnace used in equilib- 
rium STUDIES. 

A, crucible containing melt. 

By induction coil, 20 turns. 

Cj gas-inlet tube (sillimanite). 

Dj platinum coil on porcelain tube. 

Ey silica tube 10 in. long, 2 in. out- 
side diameter. 

Fy brass bead. 

Gy zinc cement. 

Hy sight glass. 
ly cooling coil. 

Jy chromel heating coil. 

Ky brass base. 

Ly asbestos washer. 

My porcelain support. 
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vertically into a number of pieces, and analyzed for oxygen in the vac- 
uum fusion apparatus^. The temperature recorded for the run is the 
average temperature during the last half hour. Other details of the 
experimental method were the same as previously reported, and need not 
be elaborated upon at this point. 

Experimental Results 

The results of all experiments are summarized in Table 1, The second 
column of the table gives the pretreatment of the electrolytic iron before 
the experiment. The third column contains the ratio of steam to hydro- 
gen computed from the barometric pressure and the vapor pressure of 
steam at the saturator temperature, and corrected for the deviation of 
steam from the ideal gas law. The oxygen content of the metal is shown 
as the average of two or three check determinations of each ingot. The 
last column gives the equilibrium constant for the reaction, oxygen 
content being expressed as percentage of FeO. 


Table 1. — Experimental Results on Reaction of Steam with Liquid Iron 


Run 

Iron 

(HsO)/(Ez) 

Temper- 
ature, 
Deg. C. 

Oxygen Analysis, Per Cent 

Oxygen 
in Metal, 
Per Cent 

(HsO) 

(H 2 )(% FeO) 

1 

Vac. melt 

0.337 

1703 

0.153 

0.157 


0.155 

0.485 

2 

Vac. melt 

0.166 

1698 

0.081 

0.076 


0.079 

0.466 

3 

Vac. melt 

0.319 

1750 

0.203 

0.203 


0.203 

0.350 

4 

Vac. melt 

0.215 

1696 

0.099 

0.087 

0.102 

0.100 

0.478 

o ~ 

Vac. melt 

0.168 

1625 

0.051 

0.051 


0.051 

0.734 

6 

Vac. melt 

0.165 

1713 

0.086 

0.085 


0.085 

0.431 

7 

Vac. melt 

0.129 

1700 

0.066 



0.066 

0.435 

8 

Vac. melt 

0.125 

1700 

0.060 

0.059 


0.060 

0.464 

9 

Vac. melt 

1 0.180 

1669 

0.071 

0.071 


0.071 

0.565 

10 i 

Open melt 

0.315 

1665 

0.110 

0.110 


0,110 

0.638 

n < 

Open melt 

1 0.296 

1767 

0.208 

0.207 

0.209 

0.208 

0.316 

12 ! 

Open melt 

0.278 

1723 

0.160 

0.144 


0.152 

0.408 

13 

Open melt 

0.257 

1687 

0.110 

0.113 


0.112 

0.510 

14 

Open melt 

0.222 

1705 

0.107 

6.107 


0.107 

0.462 

15 

Open melt 

0.247 1 

1768 ' 

0.174 

0.176 * 


0.175 

0.315 

16 

Open melt 

0.240 

1705 1 

0.118 

0.121 1 


0.120 

0.445 

17 

Open melt 

0.230 

1687 

0.107 

0.110 


0.108 

0.474 

18 

Open melt 

0.220 

1705 i 

0,125 ' 

0.107 ' 

0.107 

0.107 

0.457 

19 1 

Open melt 

0.231 

1700 1 

0.112 1 

0.099 1 

0.108 

0.110 

0.468 


Nine of the experiments listed in Table 1 were carried out at a tempera- 
ture of 1700 C. (±5°). The relationship at constant temperature, 
between oxygen content of the bath and the ratio of steam to hydrogen 
in the gas, is shown clearly in Fig. 2. The direct proportionahty indicated 
by the straight line is a confirmation of the results previously reported 
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Fig. 3. — Effect of tempebattjre upoit equilibrium 
FeO (in Fe) + H 2 = Fe(liq,)^ -}“ H 2 O. 

Logarithm of equilibrium constant is plotted against reciprocal of absolute tem- 
perature. Triangle, average of nine determinations at 1700"’ C. Double circle, 
average of Fontana’s results at 1600® C. 
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at 1600°. The equilibrium constant of the reaction is determined by the 
slope of the line and may be expressed in either of the following ways: 
(HaO) (H.O) 


K' = 


(H2)(% 0) 


= 2.09; or K = 


(Hs) X (% FeO) 


= 0.466 


The effect of temperature upon the equilibrium is most accurately repre- 
sented by plotting the logarithm of the equilibrium constant against the 
reciprocal of the absolute temperature. Such a plot is shown in Fig. 3, 
which includes all of the data of Table 1 and also Fontana’s final value for 
the same constant at 1600°. The straight line may be represented by 
the expression: 

Log K = 10,200/r - 5.50 [5] 

This expression, which is based upon results in the range 1600° to 1770° C., 
may be extrapolated over a much wider range without much uncertainty. 
Table 2 shows the value of the steam-hydrogen ratio as a function of 
temperature and iron oxide content of the metal as computed from 
equation 5. 


Table 2. — Values of Steam-hydrogen Ratio over Liquid Iron 


FeO, Per Cent 

Temperatures 

1500® C. 

1550® C. 

1600® C. 

1650® C. 

1700® C. 

1750® C. 

1800® C. 

0.01 

0.0180 



0.0064 


0.0035 

0.0026 

0.02 

0.0360 

0.0248 

0.0176 

0.0128 


0.0070 

0.0052 

0.05 

0.090 


0.044 

0.032 


0.0174 

0.0130 

0.10 

0.180 

0.124 


0.064 

0.0466 

0.035 

0.026 

0.20 

0.360 

0.248 

0.176 

0.128 


0.070 

0.052 

0.50 

0.90 

0.62 

0.44 

0.32 


0.174 

0.130 

1.00 

1.80 

1.24 


0.64 

0.466 

0.348 

0.262 


Thermodynamic Properties of Gases 

Before we can proceed with the thermodynamic treatment of our 
experimental data and the calculation from them of some of the more 
important equilibria in liquid iron, it is necessary to know something 
regarding the properties and reactions of the gases themselves. Perhaps 
also at this point a brief review of the simple thermodynamic methods that 
will be employed is in order. In any chemical reaction there is a change in 
energy, and that part of the total energy change available as a driving 
force in the reaction is called the ‘^change in free energy” and is denoted 
by the symbol AF, When each reactant and each product of the reaction 
occurs in a chosen standard state, as for example in reaction 1, when each 
gas is at a pressure of one atmosphere and the concentration of FeO is 
1 per cent, the change in free energy is called standard” and is 
represented AF°. This quantity is directly related to the equilibrium 
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constant of the reaction at any temperature T on the absolute scale, by the 
useful equation, 

AF® = -4.576r log K [6] 

so that when the iT of a reaction is known, its LF° is easily computed, and 
vice-versa, as will be illustrated in the following pages. 

The only other equation we will need is that relating the change in free 
energy to the temperature, 

= AH - TAS [7] 

in which AH is the heat absorbed in the reaction, T the absolute tem- 
perature, and AS the increase in entropy in the reaction. For present 
purposes the term, —AS, may be regarded merely as the temperature 
coefficient of the free energy. At high temperatures neither AH nor AS 
changes very rapidly with temperature, and, therefore, over a limited 
temperature range, say 1400° to 1800° C., the equation may be used by 
simply substituting the numerical values of these functions at 1600°. 

The thermodjmamic functions F, H and S for the common gases are now 
known with a very high degree of precision as a result of the brilliant work 
of a number of investigators on the interpretation of the spectra of gaseous 
molecules. The data presented in Table 3 are interpolated to a standard 
temperature of 1600° C. (1873° K.) from the tables of data of the following 
investigators: hydrogen, Giauque*; oxygen, Johnston and Walker®; 
steam, Gordon^; carbon monoxide, Clayton and Giauque“; carbon 
dioxide, Kassel^®. Graphite is included in the present tabulation, 
although its properties are obtained from thermal rather than spectro- 
scopic data. Gordon^ suggested that the tabulations of Clajrton and 
Giauque be increased by 0.5 entropy unit to bring them into agreement 
with equilibrium data. The agreement is better when a correction of 
0.60 unit is applied, and this has been done in Table 3. Although the 
values for graphite are considerably less accurate than those for the gases, 
the accuracy is amply sufficient for the purposes for which the data will be 
used in this paper. 

Since two of the quantities mentioned determine the third, it is sufficient 
to record any two of them. The value given in Table 3 for free energy is 
the difference between the free energy F° at the given temperature and 
the total energy at absolute zero, Eo°. Values of the two functions at 


Table 3. — Free Energy and Enirayy of Gases and Carbon 



T 

Hs 

Os 

HsO 

C 

CO 

COt 

-(jpo _ i 

298 

24.44 

42.08 

37.18 

1.15 

40,36 

43.57 



298 

31.23 

49.02 

45.10 

1.99 

47.32 

51.08 

-iF° - Eo°)/T 

1873 

37.21 

55.60 

52.69 

5.71 

53,59 

61.09 



1873 

44.49 

63.64 

62.34 

7.44 

61.35 

73.01 
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^5® G. (298. r Iv.) are included. In order to use these data in calculating 
the condition of equilibrium in any reaction involving the given sub- 
stances, it is not necessary to know values of for each substance, but 
only the increase in this quantity, AEq°, which accompanies each of the 
three reactions by which the three compounds are formed from their 
respective elements. This information is obtained from the heats of 
formation of compounds which in turn come from the heats of combustion 
of hydrogen, carbon monoxide, and graphite, measured by Rossini^® and 
by Roth^^. The data are given in Table 4, in which are also included the 
changes accompanying the same reactions at 1600° C. 


Table 4. — Fundamental Gaseous Reactions 


Reaction 

AH29i 

AE°(i 

AF®1873 

AHi873 

AS®1873 

H, + KO 2 = H,0 (g) 

C (graph) + KO2 = CO 

C (graph) + 62 = CO2 

-57,809 

-26,617 

-94,240 

-57,111 

-27,405 

-94,162 

-34,034 
-65,015 
-93,750 1 

-60,200 

-23,640 

-90,140 

-13.97 
+22.09 
+ 1.93 


From these data are obtained the following equations, which may be 
employed without significant error throughout the range of 1500° to 
2200° K. 


+ >^02 = H 2 O (g); 

AF° = 

-60,200 + 13.97r 

[8] 

C (graph) + = CO; 

AF° = 

-23,640 - 22.097’ 

[9] 

C (graph) + 02 = CO 2 ; 

AF® = 

-90,140 - 1.932’ 

[10] 

CO + MO 2 = CO 2 ; 

AF® = 

-66,600 + 20.16r 

■ [11] 


Free Energy op Ferrous Oxide 


The change in free energy in the reaction of hydrogen with ferrous 
oxide in liquid iron is obtained from the experimental results presented 
in this paper. These results are represented by equation 5, which, when 
multiplied by —4.575? yields the following result: 

FeO (in Fe) + H 2 = Fe (hq.) + H 2 O (g); 

AF° = -46,660 + 25.17? [12] 

and when this is combined with equation 8, the result gives the free 
energy of formation of ferrous oxide in a one per cent solution in liquid 
Fe (liq.) + = FeO (in Fe); AF° = -13,540 - 11.20? [13] 

iron. The free energy of liquid FeO is obtained by combining equation 13 
with another equation which is based upon all of the published data on 
the solubility of FeO in liquid iron, 

FeO (hq.) = FeO (in Fe); AF° = 26,300 - 14.64? [14] 

The combination of 13 and 14 yields an expression for liquid FeO, which 
may be used also as an approximation for the partial molal free energy 
of FeO in basic slags: 

Fe (hq.) + KO 2 = FeO (hq.); AF° = -39,840 + 3.44? [15] 
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Reaction of Carbon Monoxide with Ferrous Oxide 

Our experimental data and the free-energy equations enable us to 
compute the ratio of CO 2 to CO in the gases in equilibrium with liquid 
iron of any oxygen content and at any temperature. The first step is 
to combine equations 11 and 13 to obtain: 

FeO (in Fe) + CO = Fe (liq.) + CO 2 ; = -52,960 + 31.367 [16] 

The equilibrium constant is (C02)/(C0)(% FeO) and it changes with 
temperature according to the expression, 

Log K = 11,576/7 - 6.855 [17] 

This is one of the three reactions studied by Vacher® and a comparison of 
the calculated and observed constants will be interesting. His data on 
six experiments that he considered most reliable are quoted in Table 5. 
The sixth column of this table contains his values of the equilibrium 
constant of equation 16. Vacher stated that his ingot 11 had not reached 
equilibrium with respect to its oxygen content, therefore he omitted 
it from the average of the carbon-oxygen product. His reasoning on 
this point seems to be quite sound and accordingly the results on ingot 11 
are omitted from the averages of Table 5 wherever FeO is involved. 
They are, however, included in the average of the last column of the 
table, in which only the carbon content of the metal is involved. The 
average value of the constant of equation 16 is 0.233. Solution of equa- 
tion 17 for the same temperature, 1580° C., gives K = 0.245. The two 
sets of data are in virtually exact agreement, since the small discrepancy 
is within the experimental accuracy of either observer, and would be 
fully accounted for by a difference of only 5° in the temperature scales 
employed in the two laboratories. 


Table 5. — Vacher’ s Data on the System Liquid Iron-carhon Oxides at 

1580° C. 


No. 

COsin Gas, 
Per Cent 

Carbon, 
Per Cent 

Oxygen, 
Per Cent 

(C)(% FeO) 

CO 2 

(CO)* 

(CO) 

(CO)(% FeO) 

(C02)(% C) 

6 

10.3 

0.020 

0.107 

0.0107 

0.236 

390 

7 

12.1 

0.017 

0.125 

0.0109 

0.245 

376 

8 

14.3 


0,168 


0.222 


9 

16.7 


0.174 


0.256 


10 

11.3 

0.019 

0.138 

0.0133 

0.205 

376 

11 

11.2 

0.019 

0.155 

*0.0149 

*0.181 

370 

Average (omitting values marked *) 

! 1 ^ 

0.0116 

0.233 

378 


The equilibrium ratio of CO 2 to CO at various temperatures and over 
a wdde range of oxygen content is shown in Table 6. The extension of 
the table to cover this wide range of temperature and oxygen content is 
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fully warranted by the accuracy with which the effect of temperature 
upon the steam-hydrogen reaction has been determined, and by the 
precision of the spectroscopic values of the free energies of the gases. 


Table 6. — Values of CO 2 JCO Ratio over Liquid Iron 


FeO, Per Cent 

1500° C. 

1550° C. 


1650° C. 


1750° C. 

1800° C. 

0.01 


0.0031 

0.0021 







0.0062 

0.0048 





0.05 


0.0156 

0.0105 







0.0312 

0.0210 

0.0146 




0.20 


0.0624 

0.0420 



0.0148 


0.50 


0.156 

0.105 





1.00 


0.312 

0.210 

0.146 


0.074 

0.053 


Carbon in Liquid Iron 

Equilibrium in the reaction of the gases with carbon in liquid iron 
may be represented by equation 18, the constant of which is recorded in 
the last column of Table 5. The average value of K at 1580® C. is 378, 

C (in Kq. Ee) + CO 2 = 2CO; K = (C0)V(C02)(% C) [18] 

and the free energy change is —4.575 X 1853 log 378 = —21,850 cal. At 
other temperatures precise information is lacking, but an approximate 
equation may be obtained in the following way. 

The analogous reaction in which the carbon is dissolved in austenite 
has been studied by several experimenters, and their data were used by 
one of the writers^® as a basis for computing the equilibrium involving 
carbon in liquid steel. The extrapolation yielded a value of AE® = 
40,080 — 34.45r for the free energy change in reaction 18. Now this 
extrapolation neglected, because it was unknown, the thermal effect of 
transferring iron carbide from austenite to liquid iron, and it would not be 
surprising to find that the heat term of the equation is in error. An 
empirical correction of 1900 cal. applied to this term brings the old expres- 
sion into exact agreement with Vacher^s data, and the result is: 

C (in liq. Fe) + CO 2 = 2CO; ’ AF® - 41,980 - 34.45F [19] 

The composition, with respect to its CO and CO 2 coDtent, of any gas in 
equilibrium with liquid steel of any carbon content, below about 0.20 per 
cent, and within a considerable range of temperature and pressure, may 
be computed from equation 19. For the special case of one atmosphere 
total pressure of CO plus CO 2 , the carbon dioxide content of the gas in 
equihbrium with liquid steel of specified carbon content is shown in 
Table 7. The table also contains the values of the equilibrium constants 
by means of which the gas compositions under other conditions may be 
obtained. In general, the gas tends to become more nearly pure 
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carbon monoxide at higher carbon content, higher temperature and 
lower pressure. 


Table 7. — Carbon Dioxide in Gases over Liquid Steel 
(Remainder of gas is CO. Total pressure, 1 atmosphere) 


Temperature 

1500® C. 

1550° C. 

1600° C. 

1650° C. 

1700° C. 

K 

226 

314 

430 

580 

760 

Carbon, 

Per Cent 

Carbon Dioxide in EquiKbrium Gas, Per Cent 


25.0 


16.3 


10.5 


15.7 

12.2 

8.4 

7.4 

5.8 


11.5 

8.8 

6.7 

5.2 


0.04 

9.1 

6.9 

5.2 

4.0 

3.1 

0.05 

7.6 

5.7 

4.3 

3.2 

2.5 

0.06 

6.1 

4.8 

3.6 

2.7 

2.1 

0.08 

5.0 

3.7 

2.8 

2.1 

1.6 

0.10 

4.1 

3.0 

2.2 

1.7 

1.3 

0.12 

3.4 

2.5 

1.9 

1.4 

1.1 

0.15 

2.8 

2.0 


1.1 

0.9 

0.20 

2.1 

1.6 

mm 

0.8 

0.6 


Carbon-iron Oxide Reaction 

It has been pointed out that the product of percentage of carbon by 
percentage of iron oxide in liquid steel approaches a nearly constant value. 
This product may now be calculated at any temperature within the usual 
steelmaking range. When equations 16 and 19 are added together the 
expression of equation 20 results. 


C (in Uq. Fe) + FeO (in Fe) = Fe (Uq.) + CO; 

AF^= -10,980 - 3.09r [20] 
K = (CO)/(% C)(% FeO); log K = 2,400/r + 0.675 


This constant has played an important part in previous studies of steel- 
making reactions. It is generally written as the reciprocal of the above 
constant and given the special designation m. We may, therefore, write, 

m = (% C)(% FeO)/(CO); log m = -2,400/r - 0.675 [21] 

Values of the equilibrium constant at several temperatures are given in 
Table 8. The equilibrium product of carbon by iron oxide is equal to 
m only when the pressure of carbon monoxide is one atmosphere. Where 
the total pressure is one atmosphere and the only gases present are CO 
and CO 2 , the percentage of each may be obtained from Table 7. This is 
used in computing the carbon-iron oxide product shown in Table 8. 
The tabulation ends at 0.20 per cent carbon, and it would be unwise to 
carry the calculations beyond this point without more experimental data. 
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Table S. — Carhon-Iron Oxide Reaction 


Temperature 

1500® C. 

1550® C. 

1600° C. 

1650° C. 

1700° C. 

m 

0.0094 

0.0102 

0.0111 

0.0120 

0.0129 

Carbon, 

Per Cent 

Values of Product Per Cent C by Per Cent FeO at One Atmosphere Pressure 

0.01 

0.0070 

0.0081 

0.0093 

0.0105 

0.0116 

0.02 

0.0080 

0.0090 

0.0102 

0.0111 

0.0121 

0.05 

0.0087 

0.0096 

0.0106 

0.0116 

0.0126 

- 0.10 

0.0090 

0.0099 

0.0108 

0.0118 

0.0127 

0.20 , 

0.0092 

0.0101 

0.0110 

0.0119 

0.0128 


Evolution of Gases from Rimming Ingots 

In applying the foregoing data to a study of gases evolved from steel 
ingots, it is necessary to remember that the composition of the metal from 
which the gases are liberated is neither that of the ladle sample nor of 
the solidified ingot. The segregation that occurs during the freezing of 
the ingot is due in large measure to the fact that all impurities are more 
soluble in the liquid than in the solid metal. Every dissolved substance, 
therefore, tends to become more concentrated in the liquid metal as the 
more nearly pure solid metal is formed. The rejection of impurities from 
the solidifying metal doubtless establishes a film or layer of liquid metal 
at the interface, within which the concentration of dissolved substances is 
greater than in the bulk of the liquid metal. It is probably within this 
film that the gases are liberated. The evolved gases, consisting mainly 
of the oxides of carbon, carry off enough of these elements to affect appre- 
ciably the composition of the remaining liquid. The actual composition 
of the liquid metal at the source of the evolved gases is at any moment 
during the solidification a resultant of these two processes of segregation 
and gas evolution. Without more data than are available at the present 
time, it is difficult to predict what this composition might be. 

Part of the evolved gas is nitrogen and a simple computation will show 
at least the order of magnitude of its occurrence. The solubility of nitro- 
gen in liquid iron at the melting point is 0.039 per cent^® and it is usually 
found to an extent of about 0.004 per cent in open-hearth steel. Since its 
concentration is proportional to the square root of its pressure, by 
Sieverts^ Law, and its concentration is about one-tenth of the atmospheric 
saturation value, its pressure should be about one-hundredth of an atmos- 
phere. Allowing for some segregation in the liquid film at the interface, 
its pressure may be as high as two or three-hundredths of an atmosphere, 
so that in the gases evolved from such a steel the nitrogen content should 
be between 1 and 3 per cent. For a Bessemer steel containing 0.015 per 
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cent nitrogen, the gases might be expected to contain 15 to 20 per cent 
of this element. 

A similar estimate may be made for hydrogen on the basis of Sieverts^^" 
solubility determination of 0.0021 per cent in the liquid at the melting 
point. A heat containing 0.0003 per cent hydrogen should possess a 
hydrogen pressure proportional to the square root of its concentration, or 
about 3^9 atmosphere. The hydrogen content of the gases evolved from 
such a heat would be about 2 per cent, or, allowing for some concentration 
in the interfacial j51m, perhaps as high as 3 to 5 per cent. 

The gases evolved from a normal rimming ingot of open-hearth steel 
might reasonably be expected, on the basis of these estimates, to contain 
from 1 to 3 per cent nitrogen and from 1 to 5 per cent hydrogen. The 
balance of 92 to 98 per cent will consist of carbon monoxide and carbon 
dioxide. Its distribution between these two oxides will in general 
depend upon the carbon and iron oxide content and the temperature of the 
active film of liquid metal adjacent to the solidified shell of the ingot. As 
a first approximation, the data of Tables 6 and 7 at 1500® might be applied. 
According to the latter, liquid steel of 0.08 per cent carbon would be in 
equilibrium with gas containing 5 per cent CO 2 and 95 per cent CO. 
Remembering that the sum of these gases is less than 100 per cent, and 
that the carbon content of the active film is probably greater than the 
ladle analysis, it is seen that the carbon dioxide content of the gases 
evolved from a steel of 0.08 per cent carbon ladle analysis is in all probabil- 
ity less than 5 per cent. 

It is not the purpose of this paper to attempt an accurate prediction 
of the composition of gases evolved from rimming ingots, nor indeed to 
discuss that subject at any great length. Rather, it is our purpose to 
present the equilibrium data, to call attention to the fact that ingot 
solidification is not an equilibrium process, and to point out the need for 
detailed information on the mechanism of ingot solidification, without 
which the thermodynamic data cannot accurately be applied to the 
problem. Once the mechanism is fully established, thermodynamic 
calculation can be depended upon to establish the limits within which the 
mechanism must operate. 

As a step toward working out such a mechanism, it is postulated that 
an active film exists within the liquid metal adjacent to the solidified 
wall of the ingot, that the film contains a greater proportion of dissolved 
substances than does the bulk of the liquid metal, and that it is the seat of 
formation of gas bubbles. The relationship of the composition of the 
filTYi to that of the main body of liquid metal and to the rate of solidifica- 
tion remain to be worked out. The temperature of the film and the rate 
of cooling of the liquid metal ought to be determined experimentally. 
Changes in composition of the liquid metal during solidification should be 
studied experimentally and correlated with studies of segregation in the 
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ingot. When these data are available, and when the actual compositions 
of the evolved gases have been reliably established, it ought to be possible 
with the aid of the data presented in this paper to compute the limits 
within which the composition of the active film must lie. 

Summary 

Previous work has estabhshed the condition of equilibrium in the 
reactions of liquid iron with steam at 1600® and with the oxides of carbon 
at 1580® C. The present work was undertaken for the purpose of extend- 
ing our knowledge of both systems over the entire range of steelmak- 
ing temperatures. 

An experimental study has been made, covering the range 1600® to 
1770® C., of the equilibrium constant of the reaction: 

FeO (in Fe) + Hs = Fe (Hq) + H 2 O (g); K - (H20)/(H2) X (% FeO) 

At 1700® the oxygen content of the metal is proportional to the steam- 
hydrogen ratio in the gas, confirming results of previous investigations. 
The equilibrium constant is, therefore, independent of the iron oxide 
content and a function of temperature only. The experimental data are 
represented by the equation: 

Log K = 10,200/r - 5.50 

In order to apply the experimental results to reactions involving other 
gases, a compilation has been made of the thermodynamic properties 
of gases at 1600® C. as obtained by modern spectroscopic methods. 
Equations are derived for the change in free energy accompanying 
reactions among the several gases, including their reactions with carbon. 
The calculated equilibrium constant of the reaction, 

FeO (in Fe) + CO = Fe (liq) + CO 2 ; K = (C02)/(CO) X (%FeO) 

is in virtually exact agreement with Vacher’s experimental determinations, 
which may now be extended by calculation, to cover a wide range 
of temperature. 

Tables are given to show the effect of iron oxide and carbon in the 
liquid metal on the composition of the equilibrium gas at sev- 
eral temperatures. 

The constant for the reaction of carbon with FeO in liquid steel is 
computed for several temperatures, and a table is presented showing the 
product of percentage C by percentage FeO at atmospheric pressure, and 
over a wide temperature range, as a function of carbon content. 

The evolution of gases from rimming ingots is discussed, and it is 
pointed out that until the mechanism of gas evolution is more fully imder- 
stood an exact thermodynamic treatment of the problem is impossible. 
Some features of a probable mechanism are suggested, including the 



DISCUSSION 


345 


postulate that the gases are evolved from an active film of liquid metal 
adjacent to the solid-liquid interface. A rough estimate of the composi- 
tion of gas evolved from a low-carbon rimming ingot is made. 
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DISCUSSION 

(L. F. Reinartz presiding) 

C. H. Heett, Jb., * Bethlehem, Pa. — In the work we have been doing on gas evolu- 
tion, we find that the composition of the gases, when we are sure that everything is 
right with the experimental work, is very close to Dr. Chipman's general prediction, 
and there does not seem to be any question about the correctness of his prediction. 
Under ideal conditions of experimentation, we seldom find as high as one per cent 
nitrogen, and in order to have the concentration he mentions in the gas, it must be 
assumed that the hydrogen and nitrogen are in solution and not in combination in 
the metal. 

H. C. Vacher, t Washington, D. C. (written discussion). — ^It is evident from the 
paper by Dr. Chipman and Mr. Samarin that the free energy of ferrous oxide in liquid 
iron rests on a firm experimental foundation. The free energy has been determined 
over a range of temperature, 1500° to 1800° C., and the activity has been shown to 
be proportional to the oxygen content. However, the same cannot be said about 
the reaction C (in liquid Fe) + CO 2 = 2CO. The activity of carbon has not been 
determined over a range of carbon content, nor has the equilibrium content been 
determined over a range of temperatures. The experimental research worker does 
not seem to be attracted to this reaction. Is this because of experimental difficulties 
or lack of importance? 

The experimental difficulties, when the work is attempted at one atmosphere 
pressure, is nicely summarized in Table 7. However, these difficulties would be 
lessened if it were possible to conduct the experiments at 10 atmospheres pressure. 
Table 9 shows the percentage of carbon dioxide, at 10 atmospheres, in equilibrium 


* Research Engineer, Bethlehem Steel Co. 
t National Bureau of Standards. 
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with the systems liquid iron-austenite and liquid iron-graphite at 1200°, 1300°, 1400° 
and 1500° C. The values were obtained by using equation 19. The carbon values were 
obtained from the iron-carbon equilibrium diagram (Metal Progress, November 1936, 


Table 9. — Equilibrium Expected at Ten Atmospheres 


Temperature, 
Deg. G. 

A’i9 

Liquid Iron-austenite 

Liquid Iron-graphite 

C, Per Cent 

CO 2 , Per Cent 

C, Per Cent 

CO 2 , Per Cent 

1200 

20.0 

3.7 

11 

4.3 

9 

1300 

1 49.6 

2.8 

6.5 

4.6 

4 

1400 

111 

1.8 

4.5 

4.8 

2 

1500 

226 

0.08 

28.5 

5.0 

1 


page 49). This table shows that it should be possible to determine the activity of 
carbon in liquid iron over a considerable range of carbon content and the equilibrium 
constant over a range of temperature, providing, of course, a furnace could be designed 
to operate at 10 atmospheres praroure. 

A. B. Kinzel,* New York, N. Y. — ^The confirmation of the equilibrium constant 
value of 0.01 as a satisfactory working constant is interesting. This value has now 
been checked by many laboratory experimenters as well as by melting experience, 
and would seem to be well founded. It does imply the presence of carbon dioxide as 
well as carbon monoxide in the reaction. It is interesting to note that both in Vacher’s 
special experiments and in our own the elimination or reduction to negligible quantities 
of carbon dioxide reduces the apparent equilibrium constant to a much lower order 
of magnitude. 

J. Chipman. — Mr. Vacher^s suggested experiments on the iron-carbon-oxygen 
system at 10 atmospheres would certainly yield valuable data. His table showing 
the expected equilibrium conditions at high pressure is based upon an extrapolation 
of equation 19 to much higher carbon contents than it was intended to apply to, 
therefore the table cannot be expected to be numerically correct. 

The reason this reaction with carbon has not been studied, I think, is because Mr. 
Vacher made an admirable study of it at one temperature and at low-carbon contents, 
and the rest of the world had been hoping he would pursue it to other temperatures 
and higher percentages of carbon. We are hoping some day he will get back to that 
because the work offered so much promise of useful information. 

Dr. Herty's remark regarding the nitrogen content is very well founded. Nitro- 
gen lower than that predicted might well be expected if any metal other than iron is 
present to form a more stable nitride than iron forms. Our value 0.04 for the solu- 
bility of nitrogen in liquid iron is applicable only in the absence of such elements as 
manganese, silicon and aluminum. Of course, we would have only manganese present 
in a rimming steel, but in the presence, say, of 0.40 per cent Mn, the solubility of 
nitrogen is probably distinctly higher than it is in pure iron, so that the gas evolved 
would be lower in nitrogen. 

The reason that the present data are in agreement with Vacher’s results, but not 
with those of Kinzel and Egan, is probably because the experiments of the latter did 
not attain or even approach a state of equilibrium. Their value for the carbon-iron 
oxide product was approximately one-twentieth of ours. It was not an equilibrium 


* Chief Metallurgist, Union Carbide and Carbon Research Laboratories, Inc. 
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constant, and cannot be used in thermodynamic calculations. An explanation of the 
occurrence and apparent reproducibility of the lower value would be a useful contribu- 
tion to our knowledge of the reaction. 

L. S. Daeken,* Kearny, N. J. — ^We have been working on the same sort of 
thing as the authors, and when it has been possible to j&nd reliable low-temperature 
information and good temperature coefficients we were able to reproduce some of 
Mr. Chipman’s constants at these higher temperatures. 

I should like to ask Dr. Chipman how confident he feels of the heats implied by 
the temperature coefficients of his equations. For example, if we subtract the equa- 
tion for the reaction of graphite with CO 2 to give 2CO (equation 9 — equation 11) 
from the equation for the corresponding reaction for carbon in iron (equation 19) we 
get a heat of transition from graphite to carbon in iron of the order of magnitude of 
about 1000 cal., I believe, which does not seem reasonable. It corresponds to a heat 
of fusion and it seems to me that a higher value for that heat would be more reasonable. 
Similarly the heat of solution of FeO in Fe (26,300 cal. from equation 14) seems 
unreasonably high. Of course, the change in those heats would not affect the value 
of these constants at the temperatures at which they are measured. I was just 
referring to the heats derived from the equations and not the values of the con- 
stants themselves. 

J. Chipman. — It is pretty difficult to tell about the heat effects, because no one 
has measured the heat effect involved in the transition from graphite to carbon in 
liquid steel. It would be particularly difficult to estimate it at low carbon contents 
because of the unknown heat of dilution, so that there is really nothing against which 
one can check with regard to this heat effect. The heat term in equation 14 is based 
upon solubility data of Herty and of Korber and Oelsen and is as dependable as the 
original data. 

The heat terms implied in reactions 1 and 2 are known with as good an accuracy 
as our temperature measurements would justify. The temperature measurements 
at the solidification temperature of liquid iron are probably good to five degrees or so, 
but at higher temperatures they depend upon the emissivity of Kquid iron remaining 
constant up to high temperatures, and no one has measured the emissivity of liquid 
iron at temperatures appreciably above the melting point. If later it should be found 
that the emissivity of liquid iron changes at very high temperatures, a correction 
would have to be applied to the heat effects to take that into consideration. 

When we go from equations 1 and 2 to equations 3 and 4, we are stepping across 
a gap in regard to the certainty of the computations. Three and four are distinctly 
less precise than one and two, particularly with regard to heat effects. 

S. L. HoTTjt Milwaukee, Wis. — The discussion this morning has related rather 
generally to producing blowholes, but some of us happen to be on the receiving end 
of these blowholes and it is important to keep up with the progress that is made even 
in their production. In that connection, I want to ask Dr. Chipman a question. 
From his discussion, I would assume that the gas evolved during the rimming action 
is a homogeneous gas composed approximately of the constituents given. Are we to 
consider that the gas that comes off is homogeneous, or do the gases come off serially 
and, if so, how does that affect this general picture? 

J. Chipman. — I do not think that there wiU be any possibility of hydrogen and 
nitrogen, CO and CO 2 separating themselves from each other during the rimming 
action, because gases always tend to mix, and the total pressure is the sum of the pres- 

* Research Chemist, TJ. S. Steel Corporation, 
t The A. 0. Smith Corporation. 
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sures of all these gases, so that I see ver^^ little chance that they would come off inde- 
pendently, or that any one gas is responsible for the blowholes. 

The gas composition might be expected to vary during the rimming period, but its 
variations would not be expected to be very large. Kl i n ger found considerable varia- 
tion, part of which I think is attributable to the fact that he used some sort of a sieve 
to collect gases, and he had a great deal of air in there. Another part is attributable 
to the fact that he continued to pump off the gases long after the ingot had frozen 
over, whereas the estimates that I have just given are in no wise intended to apply 
to gases that might be pumped off after the thing solidified, but only to the gases 
that are actively evolved from the ingot during its rimming period. 

L. F. Reinartz,* Middletown, Ohio. — ^Is it not a fact that the Germans have 
experimental data to show that more hydrogen comes off toward the end of the rim- 
ming period than right at the start? 

J. Chipman. — I think they came to within 99.44 per cent before they quit, but their 
ingot had solidified clear across before that happened. 

B. M. Larsen,! Elizabeth, N. J. — do not think it makes much practical differ- 
ence, but is it not reasonable to assume that the carbon monoxide and carbon dioxide 
are primary gases and that the others diffuse into them from the liquid? With a 
rapid rate of reaction, that might affect the composition, because of rates of diffusion 
being involved. 

J. Chipman. — I think what you are saying is that if we have an active film at the 
solidifying interface, and if that film is giving more CO and CO 2 , m comparison with 
the other gases, than would correspond to equilibrium conditions, hydrogen and nitro- 
gen will diffuse into the gas bubbles as they rise. If the total pressure is approximately 
one atmosphere or a little higher, and the pressure of CO + CO 2 is about 0.95 atmos- 
phere, whereas nitrogen and hydrogen are about 0.02 or 0.03 atmosphere, certainly 
CO and CO 2 are primary gases. But the actual gas that forms the blowholes and the 
actual gas responsible for the rimming action will contain some of the other gases as 
long as they are present. • 

G. E. Doan, t Bethlehem, Pa. (written discussion). — ^When I see the valuable work 
which Dr. Chipman and his associates have done at the University of Michigan, as 
reported in this paper and as has been reported previously by Dr. Chipman, especially 
in the process of steelmaking, I am led to believe that the steel industry must often 
fall to wondering whether it would not in the end benefit itself more by supporting 
Dr. Chipman’s research at the University of Michigan than by withdrawing him 
from the academic atmosphere into a private industrial laboratory. There is a similar 
example in the work Dr. Herty carried out for the Bureau of Mines at Pittsburgh, 
with the support of a fund raised by industry to enable him to carry out researches in 
the physical chemistry of steelmaking, which have led to such valuable results for the 
steel industry as a whole. I would not question the productivity of private industrial 
laboratories, for they have turned out very valuable results, but it appears probable 
that research of a fundamental nature is often more successful when carried out in 
umversity laboratories with industrial support than xmder any other circumstances. 


* Works Manager, American Rolling Mill Co. 
t Research Laboratory, U. S. Steel Corporation, 
t Associate Professor of Metallurgy, Lehigh University, 
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[The following discussion refers also to the papers that begin on pages 370, 378 and 

401, respectively] 

C. Benedicks* and H. LoFQXjiSTjt Stockholm, Sweden (written discussion). — In 
the freezing of steel ingots, the main type of the ingot obtained can be said to be deter- 
mined by the location of the heat center,” as earlier advanced by the present writers^®. 
Two main types thus exist— those possessing a low heat center ffig. 4) and those ydth 
a high heat center (Fig. 5). This consideration, although a very simple one, requires 
a good deal of elucidation. 

The different layers formed during cooling, as schematically shown by the figures, 
are known to be: 

1. The chill layer^ ha^dng the same composition as the ground metal. 



Fig. 4. Fig. 5. 


2. The columnar zone, consisting of columnar crystals with a relatively low content 
of impurities (sulphide and silicate slag). In certain kinds of steel pencil-like blow- 
holes occur. 

3. The sedimentary cone; generally purer, but having a higher amount of silicate 
slag than the average. This denomination was introduced under the supposition 
that iron contracts on freezing (causing sedimentation). The correctness of this 
supposition was proved later on^®. The sedimentation of the Fe crystals assumed to be 

* Formerly Director of the Metallografiska Institutet. t Metallurgist. 

18 C. Benedicks and H. Lofquist: Nonmetalhc Inclusions in Iron and Steel, 226. 
London, 1930. 

i®C. Benedicks, N. Ericsson and G. Ericson: Jemkonforets Ann. (1929) 113, 423 
Archiv EisenhiUtenwesen (1930) 3, 473. 




350 EFFECT OF TEMPERATURE UPON INTERACTION OF GASES 


formed primarily around minute silicate particles must occur in preference in the 
downward convection currents in the front of the freezing zone 2. 

4. The granular zme, containing more or less pronounced slag streaks (“V-segre- 
gates,” '"ghost lines”) in front of the columnar zone in the upper part of the ingot— 
especially formed on inward-sloping surfaces. Further, in killed steel, a pipe 
occurs, with coarse accumulations of sulphides as well as of silicates, surrounded 
by the range of “V-segregations” having high sulphide content. 

The two types originally were claimed to have validity only in cases without gas 
evolution. The formation of gas during freezing, giving blowholes, however, does 
not influence the main type of ingot as far as heat center is concerned*®. 

The principal phenomena to be considered during freezing are the following: 

1. Differential freezing, resulting in segregation in the mother liquor on crystalliza- 
tion, eventually with the formation of a liquid slag phase. 

2. Periodicity in freezing, due sometimes merely to the liberation of the latent 
heat of crystallization, or to a certain interaction between differential freezing and 
change of temperature gradient. 

3. Increase in the density of steel on solidification. 

4. Convection currents in the molten steel. 

5. Gas formation. 

Of these phenomena, the periodicity in freezing, which at first was considered by 
the authors for killed steel* i, has been clearly shown to be of influence also in rimming 
steel, appearing not only in a periodic sequence of impurities (sulphides**) but also 
in a periodicity of the inner blowholes. As a matter of fact, the enrichment in the 
mother liquor of dissolved and finally precipitated oxide and sulphide, giving a fluid 
oxide-sulphide slag in periodic arrangement, is accompanied by a similar enrichment 
of carbon, giving rise to bubbles*^ of CO. 

Periodicity on a smaller scale has been found between the chill layer and the main 
columnar zone, especially at the bottom of a Parsons-Duncan ingot, and the explana- 
tion given is similar to that given by the authors*^. It must be emphasized, however, 
that, as a general rule, crystallization is a periodic phenomenon, on account of the 
liberation of latent heat of solidification. Thus, a concentrated solution of sodium 
hyposulphite frequently is found to give a plain lamellar structure, due to this cause, 

A ver>" marked periodicity in structure in centrifugal castings*® may be explained as 
a result of periodicity" in freezing, and difference in density of solid and liquid steel, 
augmented by centrifugal forces. The sample consisted of a cylindrical wall with a 
thickness of 2.86 in. and an outer diameter of 50 in., cast in a horizontal container, 
rotating at a speed of 220 revolutions per minute. The carbon concentration, being 
as a mean 0.20 per cent, showed in a section two marked peaks, amounting to 0.32 
and 0.22 per cent C, at about 0.5 and 1.5 in. below the outer surface, with only about 
0,15 per cent C between and at the sides of these peaks. On cooling, the crystals of Fe 
first formed, having a low carbon content and a higher density than the mother liquor, 
apparently are thrown out during centrifuging towards the outer surface — ^the centrif- 
ugal forces being found by calculation to be 17 times as large as gravity. A solid 
outer shell low in carbon thus will be formed, and inside it a certain Liquid region of a 
higher carbon content, and consequently with a lower freezing point, will be obtained. 

*® C. Benedicks: Jnl. Iron and Steel Inst. (1932) 125 , 153; ibid. (1933) 128 , 423. 

*1 Reference of footnote 18, 231. 

** First reference of footnote 20. 

*® C. Benedicks: Jnl. Iron and Steel Inst. (1933) 128 , 423. 

*^L. Northcott: Jnl. Iron and Steel Imt. (1934) 129, 151. 

*® Iron and Steel Institute, Sixth Report on the Heterogeneity of Steel Ingots, 39. 
London, 1935. 
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On cooling further, crystals of iron of lo\r carbon content will be formed in the 
unchanged molten steel inside the carbon-rich region, which has not yet begun to 
crystallize (and probably possesses a lower rotating speed). On centrifuging, the 
crystals are partly thrown out into the carbon-rich region, causing a certain decrease 
in its mean carbon content and causing its solidification. Inside the second zone of 
low carbon content so formed, a new region of enrichment of carbon will be obtained, 
although less marked than the first one. The structure found thus may be said to 
be in a very good agreement with what is to be ejcpected from the theory of periodicity 
in freezing, here strongly augmented as to its influence bj' the centrifuging forces. 
This explanation is much simpler than the assumption that the concentration sequence 
might be due to some Soret effect. 

It may be noted here that, as a general rule, a ciy'stal must grow mainly in the 
direction of the temperature gradient, towards the hotter part, or, in other words, in 
a direction perpendicular to the isotherms. When crystallization sets in, the vertical 
wall of the mold will approximate an isotherm; therefore the crystals will grow approxi- 
mately in a horizontal direction. Frequently, however, there is an upward tendency 
of growth, corresponding, according to the general rule mentioned, to a slightly higher 
temperature on the upper, growing side of an approximately horizontal crystal. The 
reason for such a heat distribution will be essentially that in the front of the growing 
columns a downward convection current will exist (in the absence of gas evolution), 
which must give a slight vertical temperature gradient, causing a slight upward trend 
of the columns. 

Another point that may be discussed here is the influence of gas evolved. Through 
the very thorough investigations of Edwards and co-workers*®, much knowledge has 
been gained in this field. Regarding the formation of a blowhole-free solid 
in rimming steel, the explanation earlier given by the authors**^ has been accepted and 
supported by later experiments*®. In the explanation, mention may first be made 
of the method recommended by Faraday for producing a clear ice layer, free from 
blowholes. This method was to use a feather for wiping the frozen ice wall, so as to 
remove mechanically the air bubbles formed. It is quite plain that the same wipiug 
action must be exerted by a gas stream if its velocity is sufficiently high. In steel 
having a sufficiently high content of gas, there will be evolved on freezing rather large 
quantities of gas (principally CO, formed from FeO and C in the enriched liquid). 
This vigorously ascending gas will remove the gas bubbles formed on the front of the 
growing crystals, and a blowhole-free ‘‘rim ” will be formed. This consideration seems 
to account satisfactorily for the striking results, otherwise difficult to explain, obtained 
in the investigations quoted. 

*« C. A. Edwards and H. N. Jones; Iron and Steel Inst., Special Report No. 4, 
Fifth Report on the Heterogeneity of Steel Ingots, 39. London, 1933. 

*7 Reference of footnote 23. 

*® C. A. Edwards, R. Higgins, M. Alexander and D. G. Davies: Iron and Steel 
Inst. Special Report No. 9, Sixth Report on the Heterogeneity of Steel Ingots, 193. 
London, 1935. 



Some Factors Affecting Life of Ingot Molds 

By W. J. Reagan,* Member A.I.M.E. 

(Cleveland Meeting, October, 1936) 

In a study of the life of ingot molds, it is essential to eliminate all of 
the variables. In the commercial manufacture of steel this is almost an 
impossibility. In this study many of the variables have been eliminated, 
and because of the unusually consistent furnace practice, with smaU 
variations in the type of steel manufactured, and a similar type of mold 
design for all ingot sizes, it is possible to determine with some degree of 
accuracy the cause of variations in ingot-mold life. 

All of the ingot molds in this study were used in the production of 
basic open-hearth killed steel with chemical analyses within the following 
range: C, 0.50-0.85 per cent; Mn, 0.60-0.80; Si, 0.20-0.30; S, 0.04 max.; 
P, 0.04 max. All ingot molds were of the closed-bottom type and used 
for bottom casting only. None of the molds in the study failed from 
cutting of the sides due to top casting; in fact, on only rare occasions are 
any molds used for top casting. 

The general type of this mold is shown in Fig. 1. All sizes have rather 
a heavy band of metal, about 6 in. wide, at the top to give mechanical 
strength at this point, and all have cast lugs. Cross sections of the vari- 
ous sizes from top and bottom sections are shown in Fig. 2. Ratios of 
waU thickness to ingot weight, ratio of ingot diameter to ingot length, 
and other figures of interest are shown in Table 1. 

In the majority of cases, the cause of failure in this type of mold is 
due to heavy fire cracking on the flats’^ at a point from 3 to 6 in. from 
the bottom radius of the mold. Fig. 3 pictures this type of failure. The 
start of failure at these points usually begins with a very small section of 
the interior surface becoming involved. As a rule, a section of 1 or 2 sq. 
in. is the first noticeable indication that mold failure is taking place. 
Gradually the small section increases until a sizable cavity develops, 
causing a protuberance on the bottom of the ingot, which eventually 
becomes too large to be stripped. The mold is then removed from 
service. At the time of failure, this cavity often reaches a size of about 
5 sq. in. and about in. deep. Sometimes cavities are found on only 
two or three sides and at other times all twelve sides appear to be involved. 


Manuscript received at the office of the Institute June 16, 1936. 

* Open Hearth Department, Edgewater Steel Co., Oakmont, Pa. 
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Careful measurements of the interior of this type of mold ha\*e showji 
that as the life of the mold increases the interior diameter gradually 
decreases. In the later stages of the ^ ^ 

life of an ordinary mold this diameter j sf. ^-lo” 

may measure as much as in. less in | ; 

diameter than when the mold was 
placed in service. Outside diameters 
appear to remain constant. Appar- 
ently the greatest amount of heat is 
concentrated at the point of failure, q 
causing the metal to grow or increase 
in size until small pieces become dis- 
lodged. Occasionally only a single 
heat is obtained from a mold after 
failure of the metal has started, but 
often 20 to 30 heats are obtained before 
final removal of the mold from service. 

Chemical Analysis and Wall , y 
Thickness f- 



In this type of mold two factors ■* — 
seem to have the greatest influence ingot mold. 

upon the life: (1) chemical analyses of the metal and (2) wall thickness 
of the mold. The following data illustrate how' these factors affect 
mold life. 

Fig. 4 shows the effect of the weight of the ingot mold upon its life. 
The first group of molds averaged 6100 lb. each, and gave an average life 



Top view of 13-incli fluted ingot mold. 
Area at section B-B 137 square inches. 
Fig. 2. — Ckoss sections op type 



Top view of 17-inch fluted ingot mold 
Area at section B-B 235 square inches. 
OP ingot mold shown in Fig. 1. 


of 194 heats or pours. In group 2 the mold weight was increased to 
6900 lb. and the mold life was increased to 254 heats. For group 3 
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{ with the same mold weight) the life was 224 heats. In group 4 the mold 
weight was decreased to 5300 lb. with a corresponding decrease in mold 
life to 163 heats. Group 5 , with a mold weight similar to that of group 4, 
gave an average life of 154 heats. In the final mold-weight decrease 





Z4i Of ft. 


IS-inch fluted mold. 

Section A-A. Area 115 square inches. 


17-inch fluted mold. 

Section A-A. Area 206 square inches. 


Top view of 21-mch fluted mgot mold. Top view of 24-inch fluted ingot mold. 
Area at section B-B 359 square inches. Area at section B-B 465.6 square inches. 


21-mch fluted mold. 

Section A-A. Area 324 square inches. 

Fig. 2.— 


24-inch fluted mold. 

Section A-A. Area 430 square inches. 
■Continued. 


shown in groups 4 and 5 , the outside diameter of the mold was increased 
at the top about ^ in. and the bottom was decreased about 3K to 
give a better weight distribution and also to give a better ratio of mold 
V eight to ingot weight. Most of the failures in groups 4 and 6 resulted 
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from longitudinal cracks in the mold wall, due primarily to lack of 
mechanical strength and indicating that the reduction in wall thickness 
had been carried too far. The chemical analyses of the molds in all five 
groups were very similar, indicating that mold weight or wall thickness 
is of considerable importance in determining mold life. 


Table 1. — Coinparative Data of Ingots and Fluted Ingot Molds 


17 

18 

20 

21 

24 

10 , 300 ; 10,500 

13 , 200 ; 15,550 17,600 

22.9 

23.3 

29.3 

34.5 

39.1 

4.27 

5.31 

5.86 

5.93 

6.17 

6.22 

5.24 

5.87 

7.24 

7.22 

5.25 

5.28 

5.87 

6.58 

6.70 

5,165 

5,865 

7,380 

7 , 930 i 10,320 

485 

635 

720 

770 

1,080 

5,650 

6,500 

8,100 

8,700 11,400 

8.6 

9.8 

8.9 

8.8 

9.5 

0.193 

0.149 

0.17 

0.18 

0.17 

5.33 

4.85 

4.45 

4.27 

3.73 

1.25 

1.48 

1.48 

1.45 

1.31 

2.15 

1.56 

1.58 

1.97 

1.64 

1.67 

1.52 

1.53 

1.70 

1.46 

2.00 

1.79 

1.79 

1.96 

1.71 

220 . 5 ^ 

260.5 

318.3 

341.5 

447.8 

369.6 

396.0 

486.2 

580.3 

656.9 

! 26.0 

29.5 1 

32.5 

35.0 

37.0 

• 16.94 

18.31 

20.18 

21.0 

23.88 

18.0 

19.44 

21 . 37 ; 

22.25 

25.43 

28.75 

28.31 

31 . 50 , 

35.00 

38.00 

15.81 

17.26 

19 . 15 ; 

19.94 

22.81 

16.81 

18.39 

20.34 

21.13 

24.31 

88 

87 

88 | 

88 

8 

14 

14 

14 

14 

14 


Mold size, in 

Mold weight, lb 

Volume of iron in mold, cu. ft. wt./450 

Maximum wall thickness, in. : top 

Bottom 

Average wall thickness, in 

Weight, lb. : ingot body only 

Hot top only 

Body plus hot top 

Weight in hot top, per cent 

Taper in ingot A-A to B-B, in. per ft. . . 
Ingot length 


Ratio ; 


Ingot width (avg.) ' 
Mold wall area top 
Ingot area top 
Mold area bottom 


Ingot area bottom 

Avg. wall area 

Avg. ingot area 

Mold weight (body only) 

Ingot weight 

Average ingot area, in 

Average mold area, in 

Outside diameter, in. : at top 

Inside diameter at top, in.: flats 

Flutes 

At bottom 

Inside diameter at bottom, in. : flats 

Flutes 

Length ingot body, in 

Length hot top, in 


13 | 
5 , 300 | 
11 . 8j 
3.671 
3 . 62 j 
3.65 
2 , 950 | 
350 
3,300 
10.6 
0.187 

7.05 

1.45 

1.581 

1.51 

1 . 79 | 

126.01 

190 . 4 - 

20.68 

12.87 

13.81 

19.43 

11.75 

12.62 

88 

14 


Fig. 5 graphically pictures the effect of chemical analysis upon mold 
life. The molds shown on groups 1 and 2 were similar, being made from 
the same pattern. Molds on group 3 were made from a pattern on which 
the outside diameter had been reduced about in. at the top and about 
in. at the bottom, which caused a reduction in weight of about 
2200 lb. each. Owing to a change in analysis of the ingot-mold metal, 
the average life of the molds on group 3, instead of decreasing, increased 
from an average of 131 heats to an average of 178 heats. The cause is 
apparent. The silicon content of all three groups is substantially the 
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N2 MOLDS IN 8 JO 10 9 


Fig. 3. — Failure from heavy fire Fig. 4. — Effect op weight of IS-inch 

CRACKING ON '‘FLATS.’’ FLUTED INGOT MOLD ON MOLD LIFE. 



Fig. 5. — Effect op chemical analysis on life of 18-inch fluted ingot mold. 


Mold Life and Analysis 


Group No. 

Mold 

Weight, Lb. 

-Average 
Number of 
Heats 

Average Metal Analysis, Per Cent 

Mn 

1 

Si 

S 

1 

13,470 

121 

1.01 

1.55 

0.064 

2 ^ 

13,300 

131 

1.06 

1.51 ! 

0.056 

5 

11,100 

178 

1.23 

1.46 

0.034 
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same, but the manganese content is slightly greater in group 2 and con- 
siderably higher in group 3 than in group 1. The phosphorus content of 
all molds in this study are so similar that they have been neglected as 



Fig. 6. Fig. 7. 


Fig. 6. — Effect of sulphur on life of 17-inch fluted ingot mold. 

Fig. 7. — Effect of manganese and possible effect of silicon on life of 
20-inch fluted ingot mold, direct metal. 

Mold Life and Analysis Groups 1, 2, 4, 5. 


Group No. 

Mold 

Weight, Lb. 

Average 
Number of 
Heats 

Average Metal Analysis, Per Cent 

Mn j 

1 Si 

s 

P 

i 

1 

10,400 

176 1 

1.24 

1.51 

0.055 1 


2 

10,400 

184 

1.16 

1.58 

0.036 


4 

13,000 

188 ! 

1.45 

1.61 

0.038 

0.100 

5 

13,000 

165 

1.14 

1.68 

. i 

0.041 

0.098 


having any influence upon mold life. Most of the molds in this study 
contain about 0.10 per cent phosphorus. 

Fig. 6 illustrates two groups of 17-in. fluted ingot molds containing 
sulfur. Group 2 shows a decidedly lower sulfur content than group 1, 
with manganese and silicon remaining about the same. This would 
seem to indicate that sulfur in itself has but little effect upon mold life. 

Fig. 7 also illustrates the effect of manganese and the possible effect 
of silicon upon mold life. It has been noted in some instances that too 
high a percentage of silicon seems to have a detrimental effect upon mold 
life. The manganese content of the second group is noticeably lower 
and the average mold life is also lower. The last three molds shown in 
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group 5 all have a silicon content of over 1,75 per cent, and these three 
molds gave the lowest life of any in the group, in spite of the fact that one 
(the last in group 10) contained about 1.45 per cent manganese, which 
rodinarily would have insured good mold life. The value of silicon in 

mold life is not very clearly deter- 
mined, too much silicon seeming 
to be as bad as too little. 

A striking example of the effect 
of manganese upon ingot-mold life 
is given in the comparison of two 
groups of molds shown in Fig. 8. 
The molds in group 8 contained 
much more manganese than those 
in group 10, with one exception: 
mold 1 in group 10 had a much 
higher manganese content than any 
other molds in this group; i.e., 1.62 
per cent. This one mold stands 
out by its unusual life of 230 heats, 
sROUPNfis 6 R 0 UPN 2 lO as Compared to a life of less than 

Fig. 8.— Effect op manganese on life 150 heats for all others in this 
OF 21-inch fluted mold. . „ , , , . , . 

Group 8, mold weight, 15,300 lb.; group group. All of the molds in this 
10, mold weight, 15,300 lb. group were received from one mold- 

maker, all made on one order and all cast within a day or so of one 
another. The mold with the exceptionally high life is still in use and 
may be good for some time longer. 

Fig. 9 illustrates the life of four groups of 24-in. fluted molds. In 
group 1 the four molds shown were all direct-metal molds. Group 2 
contains all cupola-metal molds with an increase in mold weight due to 
an increase in wall thickness. Molds in group 3 were all direct-metal 
molds with the same wall thickness as those in group 2, while group 4 con- 
tains molds made from cupola metal and with a weight and wall thickness 
similar to those in group 2. 

Comparing group 1 with group 2 shows a decided decrease in mold 
life, in spite of an increase in weight. Average manganese content shows 
a considerable drop, which apparently explains the decrease in mold life, 
although usually cupola-metal molds (of which group 2 is composed) of 
analyses similar to direct metal show a lower average mold life. Compar- 
ing group 3 with group 1, shows a decided increase in mold life, due to 
an increase in mold weight and in spite of a lower manganese content. 
This is probably due to the increased weight plus the advantage of direct 
metal. A much more marked increase is shown by comparing group 2 
with group 3. The metal analyses of these two groups is similar but the 
molds in group 3 were cast from direct metal while those in group 2 were 
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made from cupola metal. Group 4, as compared with group 3, gives a 
good idea of the value of direct metal. The metal analyses in tuese two 
groups is similar but group 4 (cupola metal) shows a decrease in average 
mold life.. 

Fig. 10 pictures the mold life of two large groups of molds, one group 
containing 24 and the other 25 molds. It pictures strikingly the differ- 
ence between direct-metal molds and cupola-metal molds, and also the 
difference between high and low manganese. The direct-metal group 
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PiQ, 9 , — Life of direct-metal and cttpola-metal 24-inch fluted ingot mold. 


Mold Life and Aiwlysis 






1 Average Metal Analyses, Per Cent 


Type of 

Mold 

Number of 




Group No. 

Metal 

Weight, Lb. 

Heats 








Mn 

Si 

S 

1 

direct 

16,300 

106 

1.51 

• 1.92 

0.037 

2 

cupola 

17,800 

87 

1.00 

1.38 

0.060 

3 

direct 1 

17,800 

135 

1.19 

1.60 

0.028 

4 

cupola 

17,800 

119 

1.17 

1.38 i 

0.033 


with a much higher manganese content shows an increase in mold life over 
the cupola-metal group (No. 5) of about 26 per cent. It is interesting to 
note that the much higher silicons on the right-hand end of the graph for 
group 3 would indicate that when the silicon content is 1.60 per cent or 
higher, it apparently has an appreciable effect in reducing mold life. 

The reason for using such a large percentage of cupola-metal molds in 
this type of practice is the ability to cast the cupola metal to a much 
closer tolerance than the direct metal, and for this type of work accurate 
ingot size is a very important factor. The two groups of molds shown 
on Fig. 11 show generally what can be expected from groups of molds 
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made from direct metal, as compared with similar molds made from 
cupola metal. In this case the manganese content of the cupola-metal 
molds is much lower, 0.95 per cent as compared to 1.55 per cent for the 
direct-metal molds. 



1 3 5 7 9 II 13 15 17 19 fl 23 I 3 5 7 9 It 13 15 17 19 21 23 25 
GROUP N2 3 GROUP N2 5 


Fig. 10. — Difference between direct-metal and cupola-metal molds; also 

DIFFERENCE BETWEEN HIGH AND LOW MANGANESE. 


Mold Idfe and Analysis 


Group No. 

Type of 

Mold 

Average No. 

Average Metal Analyses 

, Per Cent 

Metal 

Weight, Lb. 

of Heats 

Mn 

Si 

S 

1 

i 

direct 

cupola 

15,580 

15,300 

190 

150 

1.55 

0.95 

1.72 

1.69 

0.038 

0.060 


Various Factors 

Undoubtedly, factors other than chemical analyses and wall thickness 
have considerable influence upon mold Hfe. In a great many of the 
groups presented, casting temperatures were similar, or at least an 
attempt was made to maintain casting temperatures at a given figure. 
Brearley^ says that “hot casting in the aggregate is the chief variable 
in the life of cast-iron molds.’' Other factors seem to be of greater 
importance, especially when casting temperatures are held to a figure 
that is accepted as good practice. 

Owing to the similarity of all the various sizes of molds presented in 
this study, it is felt that mold design may be eliminated as one of the 
variables in this study. Mold design, however, is often reflected in wall 

^ A. W. and H. Brearley: Ingots and Ingot Moulds, 92. London, New York, 
1918. Longmans, Green & Co.] 
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thickness. Nelson^ says: ‘'the effect of heaviness of mold wall on cooling 
strains is a much more important factor in choosing the proper mold than 
the effect of mold wall on the rate of solidification/^ In reducing wall 
thickness to a minimum to reduce the effect of cooling strains, ingot-mold 
life is also reduced. Just where the happy medium is that gives Tninim uTn 
effects from cooling strains and maximum mold life can only be deter- 
mined by constant attention to mold design correlated with rolling and 
forging practice. 

Another factor that perhaps has considerable effect upon mold life is 
carbon, particularly combined carbon. The percentage error in the 
chemical analyses for combined carbon is considerable. The difficulty 
in sampling a mold for combined carbon, the variation due to segregation, 
etc., adds to this percentage of error. While some figures are available 
showing the effect of carbon upon mold life, nothing definite has been 
obtained. Some are of the opinion that the combined carbon should be 
reduced to a very low figure to give maximum mold life. This idea does 
not seem to check with some work done by our English friends. They 
have developed a heat-resisting iron, low in total carbon, high in silicon, 
and of almost negligible combined carbon content. It is known as 
“SilaP^ iron, but it is specifically stated that this material is not recom- 
mended for ingot molds^ 

It would be interesting to compare in detail mold structures from 
material made from direct metal with similar structures cast from cupola 
metal, to determine if. possible why direct-metal molds with similar 
metal analyses have so much better mold life. Perhaps the "condition 
in which the carbon, particularly the graphite, exists in pig iron*,^^ is the 
cause of the variation. Apparently Mr. Clair was able to get away from 
his difficulties by his method of controlled cooling of the pig metal. 
Some work has been done on the structure of mold iron. Of particular 
interest is the work of the Iron and Steel Institute in the study of the 
heterogeneity of steel ingots®, but that work does not indicate anything 
of value in correlating mold structures with mold life, although the state- 
ment is made that it is virtually impossible to correlate mold life with 
chemical composition. The mold analysis shown in this British report 
is interesting because it differs widely from the analysis found in mold 
materials in this country (Table 2). Samples 3 A and 3B were from a 
mold after it had been in service and had failed. Little mention is made 


® Nelson: Solidification of Steel in Ingot Molds. Trans, Amer. Soc. for Metals 
(1934) 22, 211. 

3 Ingot Mould Material. 4th Report on Heterogeneity of Steel Ingots, Iron and 
Steel Inst., sec. 6, pt. 1, 131. 

^ E. L. Clair: Discussion on Qualities of Pig Iron. Trans, A.I.M.E. (1936) 
120, 159 et seq. 

® Reference of footnote 3, 129-’161. 
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of mold life but from the meager figures given it would indicate (as com- 
pared with practice in the United States) that very low mold life is 
obtained. Perhaps the very low mold life is due to the very low manga- 


Table 2. — Typical Analysis of English Ingot Molds 


Mold No. 

Total 

Carbon 

Combined 

Carbon 

Graphitic 

Carbon 

Silicon 

Manganese 

Sulfur 

Phosphorus 

1 

3.77 

0.82 

2.95 

1.81 

0.43 


0.037 

2 

3.48 

0.74 

2.74 

2.08 

0.74 


0.042 

3 A 

3.43 

0.83 

2.60 

2.46 

0.78 


0.029 

3 B 

3.57 

1 

0.77 

2.80 

2.20 

0.74 


0.039 


nese content and to the very high silicon content. The figures in Table 2 
for mold analyses seem to be similar to those quoted in Brearley’s work 
on ingot molds®. 


Summary 

Based upon the data presented, an attempt has been made to deter- 
mine the chemical analysis that gives maximum mold life. Mold-life 



Pig. 1 1. — Chemical analysis that gives maximum mold life. 

figures, together with chemical analyses, etc., have been tabulated in 
Table 3. To obtain these figures, the molds on the ends of the various 
graphs giving maximum mold life have been selected, together with their 
corresponding approximate analyses. These figures have been plotted 
in Fig. 11, in which it can be seen that as manganese content decreases 
mold life also decreases, and also as silicon increases above a certain 
figure, mold life also decreases. The one group of molds with the best 
life of any of the groups presented is the group of molds numbered from 1 
to 10, shown in group 3 in Fig. 10, The approximate analyses of these 


* Keference of footnote 1. 
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molds shows them to contain from 1.35 to 1.65 per cent manganese and 
from 1.50 to 1.75 per cent silicon. The average life of this group of 
molds is about 210 heats. It should also be noted (Table 1) that the 
ratio of ingot weight to mold weight is somewhat higher for this particular 
size of mold (1.96) than for some of the other sizes discussed, which would 
indicate that a combination of proper ratio of ingot weight to mold weight 
plus the proper chemical analyses is the correct combination for maximum 
mold life. Apparently the higher manganese contents are conducive to 
long ingot-mold life. 


Table 3. — Summary of Data 


Group No. 

[ 

Fig. 

No. 

Group 

No. 

Size, 

In. 

Best 

Life, 

Heats 

Best 
Silicon 
Content, 
Per Cent 

Best 

Manganese 
Content, 
Per Cent 

Weight, 

Lb. 

1 

10 

3 

21 

175-225 

1.50-1.75 

1.35-1.70 

15,580 

2 

7 ' 

4 

20 

175-200 

1.40-1.55 

1.40-1.55 

13,000 

3 

5 

3 

18 

175-200 

1.45-1.60 

1.20-1.30 

11,100 

4 

6 

1 

17 

175-200 

1.45-1.60 

1.15-1.35 

10,400 

5 

6 

2 

17 

175-200 

1.45-1.70 

1.15-1.25 

10,400 

6 

8 

8 

21 

175-200 

1.30-1.50 

1.05-1.25 

15,300 

7 

7 

5 

20 

175-200 

1.50-1.75 

1.05-1.50 

13,000 

8 

6 

2 

18 

150-175 

1.45-1.55 

1.00-1.10| 

13,300 

9. 

10 

5 

21 

150-175 

1.50-1.75 

0.90-1.10! 

15,300 

10 

5 

1 

18 

125-150 

1.55-1.70 

0.95-1.05 

13,470 

11 

8 

10 

21 

125-150 

1.65-1.75 

0.40-0.55 

15,300 


Assuming that for the type of steel being manufactured the ingot mold 
is of the proper design, it seems safe to predict that for a given type of 
mold, with casting conditions relatively consistent, two factors affect 
ingot-mold life: (1) wall thickness or mold weight, and (2) chemical 
analysis of the metal, particularly manganese. Manganese of approxi- 
mately 1.50 per cent with silicon of about 1.60 per cent seems to give 
maximum mold life. Silicon content of over 1.60 per cent results in a 
shortening of the life. 

DISCUSSION 

{G, D, Tranter presiding) 

E. J. KAurpiiiAN,* Hubbard, Ohio (written discussion). — Mr. Reagan begins by 
saying: “In a study of the life of ingot molds, it is essential to eliminate all of the 
variables.” This is a soimd statement that the writer has verified by long experience. 
Just how sound is well shown by listing the major variables involved. 

I. Factors incident to manufacture of ingot mold 
A. The Mold Metal 

1. Type of iron used; i.e., direct, cupola, open hearth 

2. Chemical composition 

3. Physical nature 


Vice-president, Valley Mould and Iron Corporation. 
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4. Casting temperatures — ladle to molds, and this latter is a function of 
the t 3 ^e, chemical composition and physical nature of the metal 

B. Workmanship, that is to say, the experience, skill and integrity of the 
moldmaker 

1. Type of equipment used 

2. Choice and proper use of suitable sand 

3. Annealing 

4. Finishing and intelligent and rigorous inspection of the product 

C. Design 

1. Design of mold as to producing a good ingot 

2. Design of mold in order to obtain maximum mold life consistent with 
good ingot practice 

(It follows, therefore, that the moldmaker and designer must have had experi- 
ence not only in the founder's art but also in that of the steelmaker as well.) 
IL Variables or factors incident to use or type of service required of mold in steel plant 

A, Shape and size of mold 

1. Superslab, slab, near square, square, near round and round in sizes 
ranging from molds weighing 5 lb. to 50 tons or more 

B. Kinds of steel to be suitably transformed from liquid steel to solid ingot 

1, Open, semiopen, semikilled, killed, and all of the various and too 
numerous to mention alloy steels 

0. Other steel-plant conditions as to mold life 

1. Molds are run too hot or too cold. Too many mold sizes, not enough 
drags, and so on ad infinitum 

2. Top-poured vs. bottom-poured molds 

3. Last, and not least, pouring a mold, just once, too hot takes more out 
of that mold than twenty normal pourings 

Now, to continue, the ingot-mold practice described by Mr. Reagan does eliminate 
a considerable number of the above enumerated variables. This is a prime requisite 
when it comes to arriving at any really worth-while information as to the whys and 
wherefores of mold life. The writer is familiar with the niold practice outlined in 
Mr. Reagan’s paper and is absolutely in accord with his premises. 

In Fig. 3, the paper illustrates the type of failure to which the duodecagonal mold 
described is subject; i.e. heavy fire-cracking on the flats 3 to 6 in. above the bottom 
radius of the mold. Mr. Reagan suggests that the immediate cause for this is: 
“Apparently the greatest amount of heat is concentrated at the point of failure.” 
May I suggest that this is also the point at which there exists a certain tendency for 
the steel entering the bottom of the mold under pressure to swirl and rotate and thus, 
to a certain extent, wash the bottom wall section of the molds. This, indeed, will 
cause local concentration of heat partly due to mechanical reasons. It would appear 
that a greater thickness of mold wall in the lower part of the mold should help. This 
is apparently true, as upon referring to Fig. 4 we find that: ‘‘The first group of 13-m. 
molds averaged 6100 lb. each and gave an average life of 194 pours. In group 2 the 
mold weight was increased to 6900 lb. and the mold life was increased to 254 heats.” 
In other words, an addition of 800 lb., or 13.1 per cent to the weight of the mold, 
increased the life from 194 to 254 pours, or about 31 per cent, assuming all other factors 
to have been practically the same. 

To briefly check Mr. Reagan’s summary of the factors strongly affecting mold life 
under the service conditions outlined: 

First, wall thickness or mold weight.” In the writer’s opinion this is strictly 
true, as is well illustrated by the example cited above. 

“Second, chemical analysis of the metal, particularly manganese.” The writer’s 
experience most definitely agrees with that part of Mr. Reagan’s conclusion applying 
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to manganese. In fact, the writer has checked molds containing as high as 2.5 per 
cent Mn that gave excellent servdce. For molds ha'V’ing wall thicknesses in the range 
described by Mr. Reagan (3.65 to 6.7 in.), I should say that a silicon content of 1.40 
to 1.75 per cent is well suited to yield excellent results. 

Mr. Reagan has given thoughtful consideration to his subject, and has collected 
data in his paper that are highly valuable to the art. 

C. R. FonDersmith,* Middletown, Ohio (written discussion). — We have no 
experience of recent date with either this type of mold or grade of steel. More con- 
clusive evidence, of course, will be obtained by Mr. Reagan as more molds are followed 
in ser^dce. Small groups of molds, it would seem, give questionable results. There 
is room for much study on this problem, as the present mold seems to be the result of 
rule of thumb where more metal is continually applied at the point of mold failure. 
Consequently we have been using heavier and heavier molds, compared with the ingot 
weight. It would seem that it might be possible by appljdng definite engineer- 
ing principles to give the steel mill a lighter mold, which might give not only the same 
mold life but an improved ingot condition. 

Our experience has indicated that direct metal molds give a longer average life 
with the usual variations due to foundry practice in making and of final pouring 
practice. We feel that even more important than metal analysis is the temperature 
at which molds are poured in the mold foundry, and it would be interesting to see a cor- 
relation of these data. Table 4 gives a spot check taken on 20 molds this past week. 


Table 4. — S'pot Check on Twenty Molds 


Direct Metal 


Cupola Metal 


Mold 

No. 

Composition, Per Cent 

No. 1 
Heats 

! 

Mold i 
No. 1 

Composition, Per Cent 

No. 

Heats 

Mn 

P 

s 

Si 

Mn 

P 

s ^ 

Si 

38 

1.39 

0.151 

0.060 

1.65 

65 

6715 

1.13 

0.204 

0.037 

1.35 

41 

23 

1.14 

0.142 

0.049 

1.66 

90 

6626 

1.31 

0.187 

0.049 

1.32 

64 

31 



0.058 

1,82 

93 

6567 

1.27 

0.176 

0.034 

1.47 

70 

24 

1.26 

0.147 

0.042 

1.72 

96 

6637 

1.27 , 

0.187i 

0.042 

1.49 

71 

45 

0.90 

0.155 

0.070 

1.63 

113 

6573 

1.32 

0.174 

0.042 

1.62 

93 

43 

1 1.26 

0.137 

0.050 

1.53 

119 

6439 

1.02 


0.066 

1.43 

101 

41 

1.20 

0.140 

0.060 

1.54 

122 

6440 

I 1.09 

0.198 

0.052 

1.45 

115 

37 



0,050 

1.45 

134 

6393 

1.27 

0.145 

0.042 

1.42 

106 

11 

1.05 

0.136 

0.042 

1.62 

134 

6422 

1.12 

0.207 

0.034 

1.60 

116 







5704 

1.22 

0.203 

0.036 

1.37 

126 




i 

i 



! 4749 

1.30 

0.177 

0.098 

1,24 

117 


Ingot weight, lb 12,000 

Mold weight, lb 17,400 


11,000 

16,000 


Assuming that with slab molds and top pouring 90 per cent live steel of under 
0.10 carbon analysis, there is a possibility of the same conclusion applying; namely, 
as manganese content decreases, mold life decreases. Best analysis is 1,50 Mn, 
1.60 Si — range Mn 135/165, Si 150/175. Silicon over 1.60 shortens life. 

* Superintendent, Open Hearth Department, American Rolling Mill Co. 
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The variation due to ratio of weight has been eliminated but analysis of these data 
reveals that for this group of molds on this grade steel the above conclusions do not 
seem to apply. This has been the history on all our correlations of mold analysis 
with mold life and further confirm our opinions that within general wide analysis 
limits the controlling factor is temperature of foundry casting and variation in use. 

G. Putnam,* Youngstown, Ohio. — I am not an expert on molds. I think Mr. 
Reagan^s paper is a comprehensive document on the subject of mold life, but it may 
not cover the situation for all open-hearth men here. I understand that at Edgewater 
they pour practically all high carbon and bottom-pour, and many open-hearth men 
attempting to correlate their practice with a practice of that sort are not able to do it. 
The reason they are not able to do it, of course, is because different classes of steels 
are made. 

One of the most important items that I have been able to find from the standpoint 
of mold life is the t 3 rpe of service and design that you get from the mold manufacturer. 
Certainly the mold manufacturers are able to produce a better mold in most cases than 
the homemade molds. There are a good many plants in the country that do produce 
their own molds and their mold practice runs upwards to around 50 lb. of mold per 
ton. There are a number of plants in the country in which various grades of steel 
are poured, including all the low carbons and some high carbons, some bottom-pour 
but most of them top-pour, where they run under 25 lb. per ton of steel, which should 
be regarded as pretty good practice. 

The items that I have jotted down here that are most effective on mold life are 
to some extent a repetition of those mentioned by Mr. Reagan, Mr. Kauffman and 
Mr. FonDersmith. 

I have made no study of mold life with reference to the amount of carbon, graphitic 
or combined, but I think in the future there will be things discovered with reference 
to mold life along that line. A sulphur content around 30 to 35 seems to be fairly 
good. Probably one of the reasons for this is that the metal is fluid at that percentage 
of analysis and gives a very good casting, A silicon content of about 1.65 seems to be 
the better. A range of 1.30 to 2 per cent is given. Manganese at around 1.25 is 
good. Manganese 0.50 to 1 per cent seems to be not so good. Manganese, however, 
below 0.50 in many cases has worked out satisfactorily. Phosphorus at about 0.100 
to 0.135 seems to be the best. 

There is one reason why most of the molds made in home foundries are not as 
good as those made by mold manufacturers. The metal used is metal that is used 
also in the open hearths and consequently the analysis is not suited to mold manu- 
facture. The mold manufacturer, of course, specifies a certain analysis of metal 
for molds. 

Probably casting temperatures of around 2300® are right. 

There is much controversy between direct metal and cupola metal. I have seen 
high mold life from each but I have never run any averages on the two to see which 
was the better. 

One of the most important considerations, of course, in mold life is the design. 
Wall thickness and contour, and height with reference to contour, I think, are impor- 
tant. For instance, it is often possible to vary the height of the mold with the same 
contour and increase the mold life. Taper is an important item but not of such great 
importance as other things. Mr, FonDersmith touched on one of the most important 
things; that is, the item of the application of mold-wall thickness at the right point. 
It is not sufficient simply to increase the weight of the mold at the point where the 
greatest strain comes. That has been wdl exemplified in the steel business, by some 
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of the designs we have improved by increasing nrold-wall thickness at the proper 
point on the wall. 

Mold preparation is important. It has been our practice to tar molds. We have 
tried various methods of preparation, among them graphite, various lacquers, salt 
dip and water dip. I believe water dip actually increases the life of the mold. I 
believe salt dip decreases the life of the mold. I cannot see that tar changes the mold 
life to any degree. 

The type of steel being poured has an effect, of course, on the mold life. The fact 
that some people are running with a smaller number of drags of molds than they 
should have, and are pouring their molds hot, is very destructive to mold life. 

However, the two factors that are most important are the design of the molds and 
the service obtainable from mold maniifacturers in the design of the molds and 
the application of the knowledge that they build up to the conditions that exist in 
each plant. 

W. J. Mbeten,* Pittsburgh, Pa. — ^Is there not a very much more fundamental 
reason for the results that Mr. Eeagan has obtamed with these higher manganese 
ingot-mold castings? The expansion characteristics are improved, of course, by an 
increase in manganese. Has not the physical condition or density of structure of the 
mold metal itself a great deal to do with it? Since everybody else finds that man- 
ganese is a help, favorable expansion characteristics of the mold material logically 
attributed to higher manganese and very much higher percentages than Reagan has 
used should be conducive to better life of molds. 

E. J. EAiJFFikiAN. — want to make this comment knowing that Mr. Reagan has 
put a lot of time and work on his paper. I did not want to let one point escape the 
attention of this meeting. I think the thing that Mr. Reagan has particularly tried to 
bring out, and which I recognize as being valuable, is that under the conditions of the 
practice outlined a great many of the factors that ordinarily complicate the evaluation 
of mold life and the variables affecting it are eliminated. Therefore, the conclusions 
drawn by Mr. Reagan I believe to be in the main correct. 

We have evaluated some thousands of molds but almost always have run against 
the stone wall, so to speak, of lack of accurate knowledge of service conditions. Molds 
of a certain analysis may yield splendid results. At a later time period, molds of like 
analysis used in the same plant did not give anywhere near as good life. We felt that 
this was caused to a certain extent, at least, by variation in operating conditions, thus 
making it difficult to arrive at optimum analysis for the best possible mold life. 

I do think that the makers of ingot molds of this country, from the contacts I have 
had with them, are anxious to produce molds that will help the steelmakers, but are 
often handicapped by difficulties that prevent arriving at just what should be known. 
Under the mold practice outlined in Mr. Reagan's paper, many of the ordinary service 
variables are eliminated. 

Member. — ^Has BrineU hardness been taken of mold metal? Is there any relation 
between original Brinell hardness of the mold and mold life? 

E. J. Kauffman. — Yes, we have done work on Brinell hardness. There is a BrineU 
machine at our place that we would seU. BrineU hardness, of course, does teU one 
something about the relative hardness or softness of the metal. About 8 or 10 years 
ago, for a period of two years or more, we cast test bars from each cast of metal. The 
bars were fractured and BrineUed and attempts made to correlate the results with a 
great many factors, including mold life. Briefly, the BrineU did not appear to be well 
adapted as a practical method of control for molds. 
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W. J. Merten. — On the question of the carbon content of the mold metal, assum- 
ing silicon and phosphorus and the other elements to be the same, which would tend 
to make the better mold metal, a carbon content of 3.80 per cent — ^that is, 3.80 total 
carbon — or a total carbon content of 3.1 per cent? 

E. J. Kauffman. — I dislike taking too much time, nor do I wish to go into a long 
dissertation on the subject of carbon, although as moldmakers we are naturally 
interested. I do want to say that about two years ago someone at one of these 
meetings cited two molds; one had a combined carbon content of about 65 or 70 points 
and the other about 25 or 30 points. The mold with the higher combined carbon was 
reported as giving a considerably longer life than the mold with less combined carbon, 
and from this certain deductions were drawn indicating that the higher combined 
carbon was the reason. Such deductions are not scientific. They are very dangerous 
for the simple reason that two molds are insufl5cient, in view of existing variables, to 
safely permit any definite conclusion. It is difficult to know how much combined 
carbon is in any given mold because of extreme difficulties as to sampling the mold 
itself, and assuming that there is an accurate sample, the determination of combined 
carbon is not easy and is subject to serious errors. What with the difficulties inherent 
in both sampling and combined carbon determination, the results are not ordinarily 
accurate within about 10 points either way, and we have plenty of evidence to that 
effect. I do not mean to say that the combined carbon of ingot molds is not impor- 
tant, but I do mean to say that using only two molds as a basis for a highly important 
conclusion is nonscientifie and, therefore, might lead to incorrect conclusions. 

R. C. Good,* Pittsburgh, Pa. — We should bear in mind that the moldmaker is 
confronted with the use of his product in all kinds of service, particularly with respect 
to alternate heating cycles. If the molds were subjected to a more regular life the 
maker could increase the manganese, and in some cases take advantage of the bene- 
ficial effects of chrome additions as well. 

Member, — Has anyone made tests along that line? 

E. J, Kauffman. — ^Yes, we have made many photomicrographs before the molds 
were used and after use, and you can find about anything you want, depending upon 
where you look. 

J. W. Kinneab, jR.,t MunhaU, Pa. — Has anyone had any experience in welding 
defects in ingot molds? 

G. D. Tranter, t Middletown, Ohio. — ^That might offer a possibility if there was 
a crack in a mold and the surface otherwise was good. The life of a mold might be 
prolonged by that practice. Do you use just a regular cast-iron welding type? 

J. W. Kinnear, Jr. — Mr. Kauffman can explain it better than I can. We had 
some very large forging ingot molds that were cut by the pouring stream. Mr. Kauff- 
man suggested that we chip the spots out and weld them up. We saved the cost of 
welding about four times in increased life of the molds. 

E. J. Kauffman. — ^That simply was a case of a large forging mold that unfor- 
tunately had been touched up a bit. It was a shame to scrap the mold and I knew 
that if it were repaired, as customarily is done in plants specializing in the production 
of forging ingots, a considerable number of pours could be obtained from it. 


* Metallurgical Engineer, Electro Metallurgical Co. 
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G. D. Tranter. — Was it a surface repair or crack? 

E. J. Kauffman. — No, it was not cracked; it was a surface repair. 

A. H. Sommer, * Peoria, 111. — To bear out what some of the operating men have 
said, that they felt that the usage and the treatment of the mold was really more 
important than the analysis, I can volunteer this information. We increased the size 
of our furnaces to the extent that we were about one string of molds short of having 
enough to keep the molds at about the temperature we thought they ought to be. 
By adding another string we decreased our pounds of molds and stools used per ton of 
ingots cast from 34 to 27 lb., or a decrease of about 20 per cent with no other change 
at all. I am inclined to feel that the treatment the molds get has far more to do with 
their life than the analysis. I do not mean to sa^’ that the work that has been done by 
Mr. Reagan is not beneficial, but after all there are very few plants that operate under 
similar conditions to those upon which Mr. Reagan’s paper was based. 

W. J. Reagan (written discussion). — As has been noted in the paper, we have 
attempted to eliminate all possible variables in this study of ingot-mold life. There 
is no question that the treatment ingot molds receive in plant practice (abusive 
treatment, in many plants) is not conducive to long ingot-mold life. Long mold life 
means lower mold cost and any factors that will reduce this cost, within practical 
limits of course, should certainly be employed. 

Much is yet to be learned about ingot-mold design and its effect upon the life of 
molds and ingot structure, and it is hoped that this paper will serve as a stimulus for 
further study along this line. 
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Rate of Solidification of Rimming Ingots 

By John Chipman* and C. R. FonDersmith, f Members A.I.M.E. 

(New York Meeting, February, 1937) 

In the manufacture of rimming steel — ^which constitutes the bulk of 
the world's production of mild steel — ^the factors that determine the 
quality of the product are very closely associated with the pouring and 
solidification of the steel in the ingot mold. The behavior of the metal in 
the mold is, on the one hand, the resultant of the complex processes 
through which the liquid metal has passed, and, on the other, it is an 
indication of the probable behavior of the ingot during subsequent rolling 
and finishing operations. A detailed study of the mechanism of solidifica- 
tion of rimming ingots ought to yield information that will be useful in 
controlling the structure of the ingot and the quality of the ultimate 
product. The first step in such a study is to determine the rate at which 
the solid shell of the ingot forms from the hquid metal in the mold. A 
knowledge of i:he rate of solidification will make it possible to correlate 
observations of rimming action and gas evolution with studies of the 
structure, porosity, and segregation within the ingot. 

Thus, if the metal in the mold is observed to fall, let us say one minute 
after pouring, the portion of the structure associated with this fall will be 
located in the part of the ingot that is solidifying at that particular 
moment. The knowledge that the ingot solidifies to a depth of % 
in the first minute enables us to locate in the ingot the structural 
features corresponding to the observed fall. Conversely, the blowhole 
condition associated with a rising or growing ingot will be found in the 
part of the ingot that is solidifying at the time the phenomenon occurs. 

The time required for the complete solidification of an ingot has long 
been a matter of speculation. It is of considerable practical importance 
in connection with charging and heating in the soaking pits. Too rapid 
handhng of the ingot through heating and rolling processes has been 
thought to be associated with excessive pipe and other internal defects, so 
that a further object of this investigation was to attempt to estimate the 
time required for complete solidification, or the minimum practical time 
within which the subsequent operations can be performed with the 
minimum hazard. 


Manuscript received at the office of the Institute Dec. 15, 1936. 

* Associate Director, Research Laboratories, The American Rolling Mill Co., 
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A number of investigations, both experimental and mathematical, 
have contributed to our knowledge of the varied phenomena attending the 
solidification of steel ingots. The first theoretical treatment of the rate 
of solidification was published by A. L. Feild\ who showed that when 
liquid metal at its solidification temperature is brought into contact with 
the mold the thickness D of the solidified layer at any time t measured 
from the instant of contact is given 
by the formula 

D = Wi [1] 

when A; is a constant determined by 
the physical and thermal properties 
of the liquid metal and the mold. 

In a recent exhaustive mathemat- 
ical treatise on the subject, 

Schwarz^ has obtained an appar- 
ently reliable estimate of the effects 
of such variables as metal temper- 
ature and the temperature, thick- 
ness and thermal conductivity of 
the mold upon solidification rates. 

Experimental studies have been 
reported by Leitner®, Lightfoot^, 
and Nelson^, in each of which the 
emphasis was placed upon the 
solidification of killed steel. 



Method Fig. 1. — Method of sampling ingot 

S£[£jXiXiSv 

The simplest and most direct A A, sample cut from ingot butt; 5555, 

approach to the problem is obtamed ^ ® ^ 

by spilling the liquid contents of the ingot at a definite time after pouring, 
and measuring the thickness of the solidified shell. This is the method 
employed by Nelson in his study of the rate of solidification of killed 
ingots. In order to keep down the cost of the investigation, it was 
decided to employ ingot butts for the preliminary measurements, and 
later to check these results by spilling a limited number of full ingots. 
The mold size selected for the experiment was an 18 by 397in. straight-side 
mold, having a thickness of 8 in. at the bottom, and normally poured to a 


^ A. L. Feild: Trans. Amer. Soc. Steel Treat. (1926). 

® C. Schwarz: Archiv EismhiUtenwesen (1931) 5, 139-148 and 177-191. 
^ F. Leitner: Stahl und Eisen (1926) 46, 526; (1930) 60, 1082. 

^ N. M. H. Lightfoot: Jnl Iron and Steel Inst. (1929) 119 , 364. 

®L. H. Nelson: Trans. Amer. Soc. Steel Treat. (1934) 22, 193. 
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height of 70 in. The ingot butts used in this study were from 24 to 48 in. 
high. The time from beginning to pour the butt until the stream was 
shut off, and the time when the butt was spilled, were all recorded on the 
stop watch. After the shell had cooled, a piece 6 in. square was cut out 
with the torch at a height of 12 to 18 in. from the bottom. The position 
of this piece in the ingot is shown more clearly in Fig. 1. The maximum 
thickness of this piece was recorded, while the time corresponding was the 



Fig. 2. — Kate of solidification of 18 by 39-in. rimming ingots. 

Open circles indicate ingot-iron butts; squares, steel butts; solid circles, steel ingots. 

time that the metal had been in actual contact with the mold at the height 
under observation. 

The shells of three full ingots that were studied were split longitudi- 
nally and the thickness was measured 18 in. from the bottom and the 
same distance down from the top. On account of the time required to 
fill the mold and to spill its liquid contents, the times of contact at these 
two heights differ by about one-half minute. The observed thicknesses 
also differed slightly; therefore each full ingot studied is represented on 
the curves by two points. 


Results 

The original record of individual experiments containing mold tem- 
peratures and other pertinent data was lost in an explosion, which de- 
stroyed some of the files of the Research Laboratories. However, a 
large-scale plot of the data was recovered, and the points shown in Fig. 2 
are reproduced from this plot. In general, mold temperatures were 
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between 150° and 200° F., and the metal temperature was from 70° to 
120° F. above the solidification temperature. 

According to equation 1, the rate of solidification is proportional to 
the square root of the time, and the curve of Fig, 2 is drawn in accordance 
with this simple theory. The relationship is more clearly evident in 
Fig, 3, in which the thickness of the shell is plotted against the square root 
of the time of contact. The straight line shows that Feild’s^ equation is 
valid up to 30 min. The data are adequately represented by the 



Square Root of Tims In mnutes 

Fig, 3. — Thickness op skin plotted against square root of time. 

equation D = — 0.12 + 0.9 X where D is the thickness in inches and 
t is the time in minutes. The negative first term of the equation implies 
that there is a lapse of time of about two seconds between the moment of 
contact and the beginning of solidification. It is doubtful whether our 
observations are sufficiently accurate to warrant the acceptance of this 
as a quantitative conclusion. 

Several grades of steel were used in this investigation, including plain 
carbon grades, copper-bearing steel, deep-drawing grades, and ingot iron. 
All of these are below 0.10 per cent carbon. The ingot iron and steel 
grades are distinguished by different symbols in Figs. 2 and 3, and it is 
eiddent that there is no consistent difference between the solidification 
rate of steel and that of ingot iron. Nor does the rate for a full ingot 
poured near the first of the heat differ from that of a last-poured butt. 
The minor variations from the average curve are probably associated with 


® See footnote 1. 
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differences in mold and metal temperatures. Only one ingot of a size 
different from that mentioned above was used, and this was a 20 by 22-in. 
ingot of slightly thinner mold-wall section. This was the first experiment 
of the investigation, and the timing was probably less accurate than in 
later tests. The results are very slightly above the average curve, as 
shown by the two points at 6 and 6.4 minutes. 

Two full ingots of steel were spilled at 3 and 16 minutes, respectively. 
Sections were cut from the shells and preserved for further study. Photo- 
graphs of these sections are shown in Figs. 4 and 5. The irregularity at 
the left of Fig. 5 is simply a small amount of metal that failed to pour out 
when the mold was upset. Some observations regarding these shells 
are worthy of especial mention. The thickness of the shell is approxi- 
mately the same at the top as at the bottom, the slight difference being 
fully accounted for by the difference in time of contact of metal and mold. 
The top of the ingot is free from blowholes, while the bottom contains the 
characteristic honeycomb structure always found in rimming-steel ingots. 
The blowholes have evidently had no influence whatever upon the rate 
of sohdification. 

Minor irregularities in thickness are especially noticeable in the thinner 
shell of Fig. 4. Examination of the ingot skin reveals the fact that the 
thinner portions of the shell occur at points where the metal-to-mold 
contact was poorer than the average, owing to irregularities in ingot skin 
or mold surface. These irregularities tend to smooth out as the shell 
becomes thicker, indicating that after the formation of the air gap between 
ingot and mold the transfer of heat becomes independent of irregularities 
of surface. The shell thicknesses used in plotting Figs. 2 and 3 represent 
the thicker portions of the shell where there was good initial contact 
between metal and mold. 

Attempts were made to follow the course of solidification beyond 
30 min. In order to do this, it was necessary to play a stream of oxygen 
upon the surface of the ingot so as to keep it open, and this apparently 
retarded solidification in the upper portion of the ingot. At the same 
time, however, it appeared that a considerable amount of mushy or semi- 
solid metal accumulated in the lower part of the ingot, which prevented 
the outflow of liquid metal when the mold was upset. For this reason 
no accurate estimate could be made of the relationship between time and 
thickness of shell beyond the 30-min. period. The best estimate we can 
obtain of the time required for complete solidification is, therefore, by 
extrapolation of the data represented in Figs. 2 and 3. The results 
indicate that for an ingot of rectangular cross section 18 in. thick the time 
required for complete solidification is approximately 100 min. The effect 
of stripping before the expiration of this time would be to hasten the 
solidification, whereas charging into the pits would probably retard it. 
In handling an ingot before the expiration of the full solidification time. 
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Fig. 4. Fig. 5. 

Fig. 4. — Skin of ingot op low-carbon steel spilled three minutes after start- 
ing TO POUR. 

Fig. 5. — Skin op ingot op low-carbon steel spilled sdcteen minutes after 

starting to pour. 
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the liquid or mushy nature of its center must be borne in mind and precau- 
tions taken against damaging its internal structure. 

Summary 

The rate of solidification of rimming ingots has been determined by 
spilling the liquid contents and measuring the thickness of the solidified 
wall. Within the grades studied, which were all below 0.10 per cent car- 
bon, the rate is the same. The thickness solidified at various times was: 


Time, min 1 2 3 5 10 15 20 25 30 

Thickness, in 0.78 1.15 1.44 1.89 2.73 3.36 3.90 4.38 4.81 
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DISCUSSION 

[See also page 349] 

{L. F. Reinartz presiding) 

L. F. Reinartz,* Middletown, Ohio. — Our British friends theorize a good deal 
about what is happening on the inside of a rimmed-steel ingot, and they have had the 
idea that a rimmed-steel ingot solidifies much more rapidly at the bottom than at the 
top. I think these experiments have clearly demonstrated that the rate of freezing 
is almost the same at the bottom as at the top. 

In England operators discussed the possibility of pouring out the inside of an 
ingot, making a solid rim that could be used for the manufacture of pipe. They were 
afraid that the thickness of the wall at the top would differ so much from that at the 
bottom that it could not be used. 

J. Chipman. — In the equation D — —0.12 -f 0.9 X 
know where the 0.12 comes from. It is probable that the measurements are not 
made with sufficient accuracy to distinguish 0.12 in., but that fitted the curve much 
better than if the first term had been zero. The thinnest skin we measured was 
something like in. thick. It was an ingot spilled 55 sec. after it was poured, and it 
takes pretty fast going to get the ladle away and get another crane up to spill the 
ingot 65 sec. after it is poured. The steel referred to here is low-carbon rimming 
steel below 0.10 carbon, and it was surprising to us that it should fall so close to the 
line that represents ingot iron. 

W. J. Reagan, t Oakmont, Pa. — May I ask if those data have been accumulated 
for any other ingot size than the one shown, or any other wall thickness? 

C. R. FonDbbsmith. — Except for that one ingot that we took, out first ingot was 
20 by 30, and the rest were all 18 by 39. 

C. H. Hebty, jR.,t Bethlehem, Pa. — Did you get a chance to pour any heats that 
were exceptionally hot to see what the rate was on the very hot heat? We have made 

* Works Manager, American Rolling Mill Co. 
t Open Hearth Department, Edgewater Steel Co. 
t Research Engineer, Bethlehem Steel Co. 
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some calculations on this same subject, and the factor that I got in quite a hot beat 
was 0.8 times the square root of L 

J. Chipman. — Your coefficient would vary with the different t 3 q)es of ingot, with 
the different mold thicknesses, perhaps. We have made no experiment on very hot 
heats. It happens that the tw’o heats that were represented by full ingots were 
normal temperature heats, and although some of the heats from which we poured 
butts were on the hot side, hy the time the butt is reached it can no longer be con- 
sidered a hot heat, even though it started out as one. 

J, H. Xead,* East Chicago, Ind. — I vrould like to ask Mr. FonDersmith if that 
ingot, having been poured 16 min., was readj^ to be capped? It seemed as though the 
secondary' blowholes were starting, yet those might have been from some of the metal 
that was still left in there. 

C. R. FonDersmith. — From the way it looked to me, it was just about the time 
that we would start to cap it. 

Member. — In regard to that formula, if you took D for a radius, I think that would 
correspond rather closely with our practice on centrifugal casting. I do not remember 
the exact figures, but I think that our casting of 10-in. diameter vrould be in the mold 
20 or 25 min. If you take that past 25 min., that formula would give the wall thick- 
ness that w’ould be the radius and not the diameter. 

J. Chipman. — I think there you are dealing with the solidification of a cylindrical 
object in which the metal for heat dissipation is progressively larger as the heat goes 
out, whereas with these ingots -we have a long, flat side of the ingot and the rate of 
solidification is essentially that of a liquid metal in contact with the mold wall at an 
infinite plane of interface, so that the actual coefficient there carries for a fiat wall. 
For a cylindrical mold it might be quite different; in fact, the results that Nelson 
published some years ago indicated a different coefficient for different sizes of cylin- 
drical objects. These are plain, flat-sided molds, and the side is so big that the end 
effect can be neglected. In other words, the radius here is infinite. 
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Structure of Rimmed-steel Ingots 

By T. S. Washburn* and J. H. NBAD,t Members A.I.M.E. 

(New York Meeting. February, 1937) 

The grades of commercial steel produced in large quantities can be 
divided into two general types from the standpoint of ingot structure — 
killed and rimmed. Killed steel covers a vdde variety with carbon 
contents throughout the range of the steel portion of the iron-carbon 
diagram, and is the kind usually used in the production of alloy steels. 
Rimmed steel is normally associated with carbon ranges under 0.30 per 
cent, and is not yet used to a large extent in alloy practice, except for 
copper-bearing steels. 

The fundamental differences in the ingots made from these two types 
of steel can be seen most easily in Figs. 1 to 7. In the rimmed ingot 
shown in Figs. 5 to 7 there are two lines of blowholes approximately 
parallel to the sides and coming together at the top and at the bottom of 
the ingot. In the killed ingots shown in Figs. 1 to 4 these blowholes are 
not present. Also, the rimmed ingot has no well defined pipe, as com- 
pared to the deep pipe on the killed ingots, and there are numerous pri- 
mary blowholes in the lower portion of the rimmed ingot perpendicular to 
the surface and close to it, while on the killed ingot there are no blowholes 
of this type in the ingot shown in Fig. 1 and very small ones close to the 
surface in the lower part of the ingot shown in Figs. 2 to 4. With respect 
to the presence of pipe and the primary blowholes, the structure may 
vary considerably in both rimmed and killed ingots, therefore these 
cannot be considered as fundamental structural characteristics differ- 
entiating the two types of steel. The primary blowholes in rimmed ingots 
may be much less pronounced than those in the ingot shown in Figs. 5 
to 7 — as, for example, in ^^ingot iron,^' which is entirely free from them. 
An example of a cross section of an ingot-iron ingot is shown on page 16 
of ‘‘Research and Methods of Analysis of Iron and Steel, published by 
the American Rolling Mill Co. (1920). A certain amount of pipe may 
also occur in r i mm ed ingots, though it is normally porous and not as well 
defined or deep as in the killed ingot of Fig. 1. In killed ingots, pri- 
mary blowholes may occur near the surface, as in Figs. 2 to 4, and 
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the size of the pipe may be considerably reduced, particularly in 
hot-topped steel. 

The lines of blowholes parallel to the surfaces, or the secondary blow- 
holes, are a definite characteristic of rimmed ingots and result from the 
difference in the furnace and pouring practice of this type of steel, as 
compared to the practice for killed steel. In the processing of killed 
steel various kinds of deoxidizers are added to the furnace, ladle, or molds, 
and this deoxidation results in the reduction of most of the iron and 
manganese oxides with the formation of more stable oxides, which may be 
partly eliminated from the steel during the processing. The deoxidizing 
additions also may tend to increase the solubility of the gases in the steel. 
Consequently, w^hen this type of steel is poured into the molds, very little 
gas is formed, either from reactions or from gases coming out of solution. 
The top of the ingot freezes over almost immediately after it is poured, 
and the ingot solidifies without any reactions that affect the composition 
of the ingot as a whole. In the processing of rimmed steel, the steel is 
usually more highly oxidized in the furnace than for the production of 
killed steel, and only enough deoxidizers are used to maintain the iron and 
manganese oxide content within certain limits. When this type of steel 
is poured into the molds a reaction takes place between the carbon and 
the iron and manganese oxides, with the formation of carbon monoxide 
gas. The evolution of this gas, together with other gases such as hydro- 
gen and nitrogen, which may come out of solution, results in a “rimming” 
or boiling action of the steel in the mold during and for an appre- 
ciable length of time after pouring the ingot. It is this carbon reac- 
tion and the rimming action resulting from the evolution of the gases 
that cause the distinctive differences in the structure of rimmed and 
killed ingots. 

The solidification of a rimmed ingot can be divided into two periods. 
During the first period, which lasts from the start of pouring until the 
cap is placed on the ingot or the top freezes over without artificial cooling, 
gas is evolved continuously and there is a “rimming” or boiling action 
in the steel. During this period the portion of the ingot between the 
surface and the secondary blowhole zone is formed. The second period 
lasts from the time the top freezes over and the rimming action ceases 
until the solidification of the ingot is completed. These two periods are 
associated with certain typical structural characteristics in the ingot, and 
the nomenclature used in referring to them will be as follows : 

Rim Zone: the portion of the ingot that soHdifies during the first or 
rimming period. 

Core Zone: the portion of the ingot that solidifies during the second 
period, after the ingot is capped. 

Primary Blowholes: the blowholes in the rim zone, running approxi- 
mately perpendicular to the surface of the ingot. 
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Secondary Blowholes : the blowholes between the rim and core zone, 
which form a line approximately parallel to the surface of the ingot* 
Skin: the portion of the rim zone between the surface of the ingot and 
the point where the primary blowholes begin to form. 

The problem of obtaining a satisfactory ingot structure in rimmed 
steel is an important one, as the various characteristics of the structure 
are associated closely with the properties of the rolled product. The 
thickness of the skin and the type of primary blowholes affect the surface 
of the finished product, and the position and type of the secondary blow- 
holes affect the structure and segregation of the steel, as well as the 
occurrence of laminations. 


Ingot Structure 

In order to demonstrate the different types of ingot structures, and the 
effects of some of the variables in the furnace, and pouring practice on 
these structures, a group of experimental heats has been selected for this 
study. The first two heats are killed high-carbon steel and semikilled 
low-carbon steel, which were included for the purpose of comparing the 
structures of killed and rimmed ingots. The remaining heats are rimmed 
steel made according to production methods, which show some of the 
normal variations in ingot structure that are encountered in practice. 

The ingot cross sections were all obtained by the d3rnamite method. 
In a 24 by 43-in. low-carbon rimmed ingot, a row of holes in. in 
diameter and 6 in. apart was drilled on the center line of the 43-in. side. 
The depth of the holes was approximately 13 in., or slightly over halfway 
through the ingot. Each hole was usually charged with sticks of 
60 per cent gelatin dynamite. The electric detonators were connected in 
series. After the sticks and caps were in place the holes were tamped 
with damp clay. Particular care must be taken when blasting, to 
cover the ingot with a ladle or heavy steel box, to prevent injury from 
flying fragments. 

The FeO shown in the slag analyses is the ferrous oxide content. The 
analyses for oxides in rimmed ladle or slab specimens were made by 
Scott’s methods 

Experiment A, Killed Ingot {High-carbon Steel) 

1. Furnace practice. The bath was deoxidized with 10 per cent ferro- 
silicon; 80 per cent ferromanganese and 50 per cent ferrosilicon were 
added to the ladle to meet the specification. 

2. Pouring practice. Molds were 27 by 27 in. Not hot-topped. 
Warm and tar-dipped. Poured 84 in. high. No pyrometer reading. 
There was a 4000-lb. ladle skull. 


^ F. W. Scott: Extraction of Slag and Oxide Inclusions in Iron or Steel. Ind. and 
Eng, Chem., Anal. Ed. (Jan. 15, 1932) 4, 121. 
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3. Ladle analysis: C, 0.95 per cent; Mn, 0.36; P, 0.020; S, 0.026; 


Si, 0.280. 

4. Ingot structure. The ingot was 
split in half lengthwise. Fig. 1 shows 
the cross section. There is a well 
defined pipe and no primary or second- 
ary blowholes. 

Experiment B. Semikilled Ingot {Low- 
carbon Steel) 

1 . Furnace practice. The bath -was 
deoxidized with spiegel 10 min. before 
tapping. Ferromanganese, ferrotita- 
nium and aluminum were added to the 
ladle. 

2. Pouring practice. Molds were 
24 by 43 in. Slightly hot. Tar-dipped. 
Poured 62 in. high. The deoxidation 
was completed in the molds with an 
addition of 5 lb. of aluminum at the 
top of the ingot. Temperature, 2883° 
F. Clean ladle. 

3. Ladle analysis: C, 0.08 per cent; 
Mn, 0.46; P, 0.015; S, 0.027. 

4. Ingot structure. The ingot was 
split in half along the 43-in. side. The 
structure is shown in Figs. 2 to 4. The 
pipe is 28 in. long and 15^ in. wide at 
the top. There are no secondary blow- 
holes. The primary blowholes are 
very small and short, and penetrate 
the surface at scattered points. The 
primary blowholes disappeared at a 
distance of 34 in, from the butt. 

Experiment C. Normal Rimmed Ingot 

1. Furnace practice. An addition 
of spiegel was made to the bath 26 
min. before tapping. The bath and 
slag analyses before the spiegel was 
added were as follows: C, 0.065 per 
cent; Mn, 0.12; FeO, 16.2. Ferro- 
manganese and aluminum were added 
to the ladle. 
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2. Pouring practice. Molds were 24 by 43 in. Warm. Tar-dipped. 
Poured 66 in. high. Eight ounces of aluminum was fed to each ingot 
during pouring. A good rimming action developed. The metal dropped 
ill* before starting to rim, rimmed in in. and dropped 2 in., forming 
a dished top. Temperature, 2894® F. 



-n- 2-4 .— ;Experiment B. Semikilled ingot (low-carbon steel). 

Fig. 2. Cross-sectional structure of ingot. 

E-®" ?' Fnlargement of J^g, 2 showing one side midway between top and bottom. 
Fig. 4, Enlargement of Fig. 2 showing bottom corner. 

3. Ladle analysis: C, 0.09 per cent; Mn, 0.37; P, 0.009; S, 0,026. 

4. Ingot structure. The ingot was split in half along the 43-in. side. 
The structure is shown in Figs. 5 to 7. The skin is to 3^ in. thick near 
the bottom of the ingot. The primary blowholes are of medium size and 
tend to form a double row in the lower part of the ingot. The row nearest 
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the surface disappears at a distance of 30 in. from the butt and the inner 
row disappears at a distance of 40 in. from the butt. The secondary- 


6 


7 


Figs. 5-*7. — Experiment C. Normal rimmed ingot. 

Fig. 5. Cross-sectional structure of ingot. 

Fig. 6, Enlargement of Fig. 5 showing one side midway between top and bottom. 
Fig. 7. Enlargement of Fig. 5 showing bottom corner. 

blowhole zone consists of medium sized blowholes. This zone is approxi- 
mately 6 in. from the surface. 

Experiment D. Thin-shinned Rimmed Ingots 

1. Furnace practice. An addition of spiegel was made to tbe bath 
23 min. before tapping. The bath analysis of a test killed with an excess 
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of aluminum and the slag analysis before the spiegel was added were as 
follows: Bath: C, 0.08 per cent; Mn, 0.15; P, 0.011; S, 0.023; AI 2 O 3 , 

0.098. Slag: FeO, 18.1; Fe 203 , 8.2. The analyses of similar tests taken 
4 min. before the heat was tapped were as follows: Bath: C, 0.09 per cent ; 
Mn, 0.19; P, 0.012; S, 0.020; AI 2 O 3 , 0.106. Slag: FeO, 18.6; FesOs, 7.9. 
Ferromanganese and 42 lb. of aluminum were added to the ladle. 

2. Pouring practice. Molds were 24 by 43 in. Warm and tar- 
dipped. Poured 67 in. high. Three ounces of aluminum was placed on 
the stool and 5 oz. was added at the top. The metal was slightly wild 
during the pouring of the upper quarter. There was a 1-in. drop and no 
growth, with a moderate rimming action, forming a flat top. Tempera- 
ture, 2916° F. Scrappy ladle. 

3. Ladle and slab analyses. Aluminum-killed ladle test: C, 0.09 per 
cent; Mn, 0.42; P, 0.010; S, 0.020; AI2O3, 0.105; Al, 0.572. 

Rimmed ladle test: Si02, 0.0041 per cent; AI2O3, 0.0068; MnO, 0.0090; 
FeO, 0.0317; (FeMn)S plus oxides, 0.107. 

Slab tests from middle of ingot: 

S1O2, Al20s, MnO, FeO, (FeMn)S + Oxides, 

Per Cent Per Cent Per Cent Per Cent Per Cent 


Edge 0.0005 0.0087 0.0041 0.0213 0.076 

Center 0.0009 0.0039 0.0025 0.0126 0.098 


4. Ingot structure. The ingot was split in half along the 43-in. side. 
The structure is shown in Figs. 8 to 10. The skin is to in. thick near 
the bottom of the ingot. The primary blowholes are large, particularly 
those nearest the skin. The primary-blowhole zone disappears about 
40 in. from the butt of the ingot, but the blowholes are still fairly large at a 
distance of 32 in. from the butt. The secondary-blowhole zone consists 
of medium sized blowholes. This zone is approximately 6 in. from 
the surface. 


Experiment E, Thick-skinned Rimmed Ingot 

1. Furnace practice. An addition of spiegel was made to the bath 
26 min. before tapping. The bath analyses of a test killed with an excess 
of aluminum and the slag analyses before the spiegel was added were as 
foUows: Bath: C, 0.06 per cent; Mn, 0.14; P, 0.010; S, 0.023; AI2O3, 0.122. 
Slag: FeO, 18.1; Fe 203 , 8.6. The analysis of similar tests taken 1 min. 
before the heat was tapped were as follows: Bath: C, 0.06 per cent; Mn, 
0.18; P, 0.009; S, 0.022; AI2O3, 0.122. Slag: FeO, 18.8; Fe203, 8.4. 

Ferromanganese and 27 lb. of aluminum were added to the ladle. 

2. Pouring practice. Molds were 24 by 43 in. Warm and not tar- 
dipped. Poured 66 in. high. Three ounces of aluminum was placed on 
the stool, 2 oz. was added when the mold was one-fourth full, and 3 oz. 
was added at the top. The metal was wild during topping off. There 
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was no drop or rise, and a strong rimining action developed, forming a 
flat top. Temperature, 2899® F. Scrappy ladle. 



Tigs. S-IO. — ^Experiment D. Thin-sxinned rimmed ingot. 

Fig. 8. Cross-sectional structure of ingot. 

Fig. 9. Enlargement of Fig. 8 showing one side midway between top and bottom. 
Fig. 10. Enlargement of Fig. 8 showing bottom comer. 

3. Ladle and slab analyses. Aluminum-killed ladle test: C, 0.08 per 
cent; Mn, 0.36; P, 0.013; S, 0.023; AI2O3, 0.100; Al, 0.608. 

E imm ed ladle test: Si02, 0.0012 per cent ; ALO.^, 0.0039; MnO, 0.0061 ; 
FeO, 0,0514; (FeMn)S + oxides, 0.125, 
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Slab tests from middle of ingot: 

S1O2, AL2O3, 

Pbb Cent Pek Cent 


Edge 0.0006 0.0114 

Center 0 . 0005 0 . 0033 


MnO, FeO, (FbMn)S + Oxides 

Peb Cent Peb Cent Peb Cent 

0.0060 0.0149 0.074 

0.0034 0.0072 0.097 



Figs. 11-13. — Experiment E. Thick-skinned rimmed ingot. 

Fig. 11. Cross-sectional structure of ingot. 

Fig. 12. Enlargement of Fig. 11 showing one side midway between top and bottom. 
Fig. 13. Enlargement of Fig, 11 showing bottom comer. 

4. Ingot structure. The ingot was split in half along the 43-in. side. 
The structure is shown in Figs. 11 to 13. The skin is to ^ in. thick 
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near the bottom of the ingot. The primary blowholes are small. The 
primary-blowhole zone disappears about 41 in. from the butt. The 
secondary-blowhole zone consists of medium sized blowholes. This zone 
is approximately 4^^ in. from the surface. 



Figs. 14-16. — Experiment F. Short rimmed ingot. 

Fig. 14. Cross-sectional structure of ingot. 

Fig. 15. Enlargement of Fig. 14 showing one side midway between top and bottom 
Fig. 16. Enlargement of Fig. 14 showing bottom comer. 

Experiment F. Long and Short Rimmed Ingots 

1. Furnace practice. An addition of spiegel was made to the bath 
32 min. before tapping. The bath and slag analyses before the spiegel 
was added were as follows: C, 0.06 per cent; Mn, 0.14; FeO, 17.6. Ferro- 
manganese and 41 lb. of aluminum were added to the ladle. 
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2. Pouring practice. Molds were 24 by 43 in. Warm and not tar- 
dipped. Poured 58 and 82 in. high. 

For 58-in. ingots, 8 oz. of aluminum was fed during the pour. The 
metal dropped 2 in. and a strong rimming action developed, forming a 
slightly dished top. 

For 82-in. ingots, 12 oz. of aluminum was fed during the pour. The 
metal dropped 1 in. and a strong rimming action developed, forming a 
flat top with a tendency to pyramid a little before capping. 

Temperature was 2901° F. There was a 1000-lb. plate in the ladle. 

3. Ladle analysis: C, 0.10 per cent; Mn, 0.44; P, 0.008; S, 0.021. 

4. Ingot structure. A 58-in. ingot and an 82-in. ingot, which were the 
eighth and tenth ingots poured, were both split in half along the 43-in. side. 

The structure of the 58-in. ingot is shown in Figs. 14 to 16. The skin is 
M H ill* thick near the bottom of the ingot. The primary blowholes 
are small and form a double row. The primary-blowhole zone disappears 
about 34 in. from the butt. The secondary-blowhole zone consists of 
medium sized blowholes. This zone is approximately 5% in. from 
the surface. 

The structure of the 82-in. ingot is shown in Figs. 17 to 19. The skin is 

to % in. thick near the bottom of the ingot. The primary blowholes 
are slightly larger than in the 58-in. ingot and do not form a double zone. 
The primary-blowhole zone disappears about 62 in. from the butt, tending 
to merge into the secondary-blowhole zone. The secondary blowholes 
are smaller than in the 58-in. ingot. The distance from the surface is 
approximately 4% inches. 

Experiment G, Normal and Late Capping of Rimmed Ingots 

1. Furnace practice. An addition of spiegel was made to the bath 
27 min. before tapping. The bath and slag analyses before the spiegel 
was added were as follows: C, 0.060 per cent; Mn, 0.10 ;FeO, 22.2. Ferro- 
manganese and 45 lb. of aluminum were added to the ladle. 

2. Pouring practice. Molds were 24 by 43 in. Hot. Tar on stools. 
Poured 66 in. high. Eleven ounces of aluminum was fed to each ingot 
as it was poured. The metal was foamy and jumpy during pouring and 
dropped 2 to 3 in. after topping off. A strong rimming action developed 
until a 1-in. rim was formed. The action then subsided and the level 
dropped 2 in. The ingots rimmed in from this point with a mild action. 

Normal capping practice. The. fifth ingot was capped at the usual 
time, when a rectangle of metal about 10 in. wide was still liquid, and 
before the ingot had started to pyramid. The time from topping off to 
capping for this ingot was 20 minutes. 

Late capping practice. The sixth ingot was allowed to pyramid and 
erupt before capping. Water was used on the top to prevent further 
eruptions after the cap was put on. The time from topping off to cap- 
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ping for this ingot was 36 minutes. Temperature, 2910® F. Clean ladle. 
3. Ladle analysis: C, 0.09 per cent; Mn, 0.40; P, 0.008; S, 0.027. 



Figs. 17~19. — ^Experiment F. Long rimmed ingot. 

Fig. 17. Cross-sectional structure of ingot. 

Fig. 18. Enlargement of Fig. 17 showing one side midway between top and bottom 
Fig. 19. Enlargement of Fig. 17 showing bottom comer. 


4. Ingot structure. The normal and late capped ingots, which were 
the fifth and sixth ingots poured, were split in half along the 43-in. side. 

The structure of the normally capped ingot is shown in Figs. 20 to 22. 
The skin is thick near the bottom of the ingot. The pri- 

mary blowholes are of medium size. The primary-blowhole zone 
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disappears about 42 in. from the butt. The secondary-blowhole zone 
consists of naedium sized blowholes. This zone is approximately 4J^ in. 
from the surface. 


Figs. 20-22. — ^Expebiment G. Rimmed ingot, capped normally. 

Fig. 20. Cross-sectional structure of ingot. 

Fig. 21. Enlargement of Fig. 20 showing one side midway between top and bottom. 
Fig. 22. Enlargement of Fig. 20 showing bottom comer. 

The structures of the ingot that was capped late are shown in 
Figs. 23 to 25. The skin is to ^ in., tlaick near the bottom of the 
ingot. The primary blowholes are of medium size, but slightly larger 
than in the normally capped ingot. The primary-blowhole zone 
disappears about 42 in. from the butt. The secondary-blowhole zone 
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consists of medium to large-sized blowholes, forming a double line in the 
lower quarter of the ingot. This zone is approximately 6 in. from 
the surface. 



Figs. 23-25. — ^Experiment G. Rimmed ingot, capped late. 

Fig. 23. Cross-sectional structure of ingot. 

Fig. 24. Enlargement of Fig. 23 showing one side midway between top and bottom. 
Fig. 25. Enlargement of Fig. 23 showing bottom comer. 


Experiment H. Etched Sections of Bars Showing Effect of Rimming Time 

The object of this experiment w'as to determine the relation between 
the rimming time and the width of the rim. A low-carbon rimmed heat, 
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which was to be rolled into sheet bar, was used for the experiment. An 
addition of aluminum was made to the tops of the ingots at times varying 
from to 8 min. after finish of pour. Prior to killing with these alu- 
minum additions, the steel had a strong rimming action with a drop of 
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4 in. and a 3-in. rise. The ingots that were rimmed and capped normally 
had flat tops ; those killed were flat immediately after the addition, then 
puffed up 2 to 4 inches. 

Fig. 26 shows deep-etch tests on one-half of a cross section near the 
tops of the ingots. The bar from the rimmed and capped ingot shown 
in test H has the usual light outer zone and dark center associated with 
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the low-carbon rim zone and segregated core of the origmal ingot struc- 
ture, In the killed ingots the thickness of the rim zone decreases with 
decreasing rimming time, which indicates that the rim zone is formed only 



Figs. 27-28. — Etched sections of zones of primary and secondary blowholes. 
Fig. 27. Ix)w-carbon rimmed ingot with large blowholes. 

Fig. 28. Low-carbon rimmed ingot with small blowholes. 


while the ingot is actually rimming, and that after capping the core type 
of structure is formed. 

Experiment 1. Primary and Secondary Blowhole Zones 

In the course of the experiments on splitting ingots we have occa- 
sionally been able to break off pieces that could be prepared for etching. 
Two of these pieces are shown in Figs. 27 and 28. Fig. 27 is an etched 
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section of an ingot 22 by -24 by 76 in., of low-carbon rimmed steel, which 
shows parts of the zones of primary and secondary blowholes, about 
25 in. from the butt. The skin is from H to ^6 thick and the second- 
ary-blowhole zone is 4^ in. from the surface. This is a good example of 
a medium thick skin and large primary and secondary blowholes. Fig. 28 
is an etched section of an ingot 24 by 43 by 73 in., of low-carbon rimmed 
steel, which shows parts of the zones of primary and secondary blowholes 
about 20 in. from the butt. The skin is about 34 in. thick and the second- 
ary-blowhole zone is 5 in. from the surface. This is a good example of a 
thick skin and very small primary and secondary blowholes. 

Solidification and Formation of Blowholes 

The information available on the reactions that occur, the amounts of 
gas that are formed, arid the solubility of the gases in the liquid and solid 
phases of rimmed ingots is still far from complete. Consequently it is 
difficult to explain all of the phenomena associated with the solidification 
and formation of blowholes. In the following discussion, however, an 
attempt has been made to give a general explanation of these phenomena. 

The first metal to solidify when the liquid steel comes in contact with 
the mold walls forms equiaxed crystals, as a result of the rapid solidifica- 
tion. As the solidification continues the crystallization changes to a 
columnar dendritic type, which persists during the rimming period and 
the formation of the rim zone. Selective crystallization occurs with both 
kinds of crystals, but to a greater degree in the columnar dendritic type. 
This results in the solid phase being lower in carbon, phosphorus, sulphur 
and oxides than the original melt, with the rejection of these components 
to the adjacent liquid phase. 

Carbon monoxide is also formed at the boundary of the solid phase, as 
a result of the reaction C + FeO ^ CO + Fe. It is also probable that 
hydrogen is evolved at this point, as a result of the lower solubility of this 
gas in the solid phase. These gases form at the boundary of the solidifica- 
tion zone and between the branches of the dendrites. The escape of the 
evolved gas from bet;ween the branches of the dendrites sweeps away the 
impure liquid adjacent to the solidifying metal. The rising of this gas 
along the solid-liquid interface and its escape at the top of the ingot causes 
the rolling action of the liquid metal at the surface, which is so charac- 
teristic of this type of steel and from which it gets its name of ^'rimming” 
steel. This rolling action of the liquid metal at the top keeps the metal 
from freezing over. 

Some of the gas is entrapped, permanently or temporarily, between 
the branches of the dendrites, displacing the liquid. A rim-zone struc- 
ture in which the gas has remained and formed primary blowholes consists 
of a solid phase with less carbon, manganese and phosphorus than the 
remainder of the ingot, since the. liquid between the dendrite branches 
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is displaced by the gas. The portion of the rim zone that is free from 
primary blowholes is also low in the elements mentioned above, however, 
which would indicate that gas had formed between the dendrite branches 
during the solidification, which either escaped or was reabsorbed, prob- 
ably the former. In either case, the void would be filled with metal 
from the liquid phase in the body of the ingot, which would be relatively 
purer than the impure metal it replaced. 

The type of solidification forming the rim zone ceases when the rim- 
ming action stops. This may be accomplished artificially by placing a 
cap on the top of the ingot or adding aluminum to the liquid phase. It 
will also occur naturally, however, if the ingot is allowed to rim, for when 
the temperature is low enough the gas evolution decreases until the top 
freezes over. 

The secondary-blowhole zone occurs at the boundary of the rim’ zone, 
at the point where the rimming action stops, and presumably is formed 
from the gas along the face of the solidif3dng metal that is trapped when 
the ingot is capped. There is also a higher concentration of carbon, 
phosphorus, sulphur and oxides at the solid-liquid interface, which will 
tend to persist in the secondary-blowhole zone. 

After the ingot is capped the core zone solidifies, with the formation 
of equiaxed rather than dendritic crystals. During the solidification 
of this zone, the temperature is close to the freezing point, and crystalliza- 
tion probably occurs to a certain extent throughout the liquid. The usual 
type of segregation, however, is found in this zone, and the concentration 
of carbon, phosphorus and sulphur increases toward the middle and top 
of the core zone. When the solidification is completed, the top of the 
core zone is porous and does not resemble the type of pipe found in killed 
steel. Probably this can be attributed to the fact that gas evolved during 
the solidification of the core zone collects in the mushy metal under the 
cap, and prevents the formation of a true contraction pipe. Rimmed 
steel does not have true pipe characteristic of killed steel, since the volu- 
metric shrinkage resulting from falling temperature in the liquid state 
and phase change contraction is largely offset by the space occupied by 
entrapped gas, or blowholes. 

Effect of Furnace and Pouring Practice on Structure 

Many variables in the furnace and pouring practice affect the ingot 
structure. The effect of some of the variables, such as the relation 
between the rimming time and the depth of the rim zone, are fairly defi- 
nite. The effect of others, such as the relation between the iron oxide 
in the slag and the type of primary-blowhole zone, is indirect, and may 
be offset by other variables, so that it is often obscured in individual 
heats. The effect of variables of this class can only be determined by 
stud3dng a large number of heats and making corrections for the other 



396 


STEXJCTURE OF RIMMBD-STEEL INGOTS 


variables. In the following discussion variables of both classes have been 
considered and only a few can be demonstrated by reference to the experi- 
ments described earlier in this paper. 

The principal variables affecting the thickness of the skin are the mold 
temperature, steel temperature and rate of pouring. The thickness of the 
skin is decreased if the mold temperature is too high (over 700° F.) or if 
the mold is too cold, particularly if the surface is damp or rusty. The 
thickness decreases with increasing steel temperature and increasing 
pouring rate. In general, satisfactory skin thickness is associated with 
the type of rimming action that begins while the ingot is being poured and 
continues vigorously with no rise, and preferably some drop, in the level 
of the metal after the ingot is topped off. Examples of thin-skinned and 
thick-skinned ingots are given in experiments D and E (Figs. 8 to 13). 

The size and distribution of the primary blowholes are affected pri- 
marily by the iron oxide in the slag, the type and amount of deoxidizers 
used in the ladle and molds, the temperature of the steel, the ingot dimen- 
sions, the height of pour, and the composition of the steel. A low content 
of iron oxide in the slag is usually associated with a slow evolution of gas 
and unsatisfactory rimming action — ^the gas not being ejected readily 
from between the dendrite branches and not rising freely along the wall of 
solidifying metal. This type of rimming action results in an increase in 
the diameter and length of the blowholes, and usually they begin forming 
closer to the surface, thus decreasing the thickness of the skin. The 
effect of deoxidizers is also associated with gas evolution, and the use of too 
great an amount, or of types such as silicon, causes a condition similar 
to that resulting from too low a content of iron oxide. Excessively 
high steel temperature results in the formation of blowholes nearer the 
surface, reducing the thickness of the skin. The mold dimensions, both 
with respect to the total area of the cross section and the ratio of the two 
dimensions, have an effect on the rimming action and the type of primary 
blowholes. The height of pour has a definite effect on the size and height 
of the primary blowholes, as shown in experiment F. The effect of steel 
composition is demonstrated by the improvement that occurs in the type 
of primary blowholes in a low-carbon steel as compared to a high-carbon 
steel, and by ingot iron that is very low in carbon and manganese and is 
entirely free from primary blowholes. 

The position and characteristics of the secondary blowholes are 
affected by the iron oxide in the slag, the pouring temperature, the rate of 
solidification and rimmjng time, and the sulphur in the steel. A high iron 
oxide content of the slag and high pouring temperature are associated with 
the rate of solidification and rimming time, and act to produce deeper 
seated secondary blowholes with a higher concentration of impurities, 
which tends to prevent the blowholes from welding when the ingot is 
rolled. High sulphur in the steel is associated with this same condition. 
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as a higher concentration of sulphur occurs adjacent to the secondary 
blowholes. Examples showing the effect of rimming time on the depth of 
the secondary blowholes are shown in experiments G and H. 
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DISCUSSION 

[See also page 349] 

{L. F. ReinaHz presiding) 

L. F. Reinartz,* Middletown, Ohio. — ^The question of quality in a steel ingot is 
relative. A man that has been making killed-steel ingots when he sees a picture of a 
rimmed-steel ingot thinks it is very poor steel. In 1912, Dr. Cushman came to 
Armco. He had never seen the internal structure of any kind of ingot. We split 
some ingots. He took one look at the blowholes in the rimmed-steel ingot and went 
to our president and said, do not want to have anything to do with the gang that 
made that kind of steel.'^ But rimming steel has proved most satisfactory so far for 
low-carbon sheet and strip steel. The metallurgist and the operator must play 
between deep-seated blowholes or blowholes too close to the surface, and he has to hit 
a happy medium. 

E. GATHMANN,t Baltimore, Md. — What was the mold temperature? We have 
found that when molds are quite cold there are very many skin blowholes, much 
closer to surface than if the mold is fairly w’arm, say, 250° P. We found that to be the 
best temperature of the mold for producing deep-seated blowholes. 

T. S. Washburn. — I do not agree with that entirely. I think a cold, damp mold 
is likely to give a thin skin, but a cool mold up through to a hot mold probably gives 
the best skin, and then thin skin occurs again with a very hot mold. I would estimate 
this temperature to be around 700° or 800°. 

Member. — What is the effective cross section? 

T. S. Washburn. — I think there is a relation between the length and the cross 
section; that is, the higher the ingot, the greater should be the cross section. There 
also seems to be some merit in a rectangular mold; which has one side narrower than 
the other. This type seems to develop a better rolling and rimming action. 

F. A. King,! Weirton, W. Va. — I think the cold mold, if it is cold, will have more 
or less moisture in it, and so you have to have a little warmth to keep it free 
of the moisture. 

T. S. 'Washburn. — The cold mold that is dry will not give much trouble. 
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F. A. King. — No, I do not think so, but it is pretty hard to get one that is cold 
and dry. 

T. S. Washburn. — In the cold mold there is a violent evolution of the gases and 
the formation of blowholes takes place quickly, because it freezes more quickly and 
surrounds that part of the steel. There must be more moisture in a cold mold than in 
a warm one; I mean one at from 200° to 300°. 

C. H. Herty, Jr.,* Bethlehem, Pa. — It seems to me that the point of the discussion 
of the cold mold is more that it is impossible to get a dry mold. Every cold mold I 
know of had moisture coming out after the ingot was poured. It is probably the 
water vapor coming out that gives the skin blowholes. 

Just beyond the primary blowhole zone, there is a steel relatively free from blow- 
holes. Do you know why you get that intermediate area or zone that is free 
from blowholes? 

T. S. Washburn. — I should say it is associated with the gas formation with respect 
to the manner in which the gases evolve and rise along the zone of solidification. In 
fact, sometimes after the skin is formed primary blowholes will develop, which will 
tend to be suppressed later and then start in again. In other words, there may be 
two rows of primary blowholes. The explanation may be that there is developed an 
evolution of gas at one period that tends to free itself and not be entrapped in the form 
of primary blowholes; and as the gas evolution changes later in the rimming, blowholes 
begin to be formed again. 

L. F. Reinartz. — Have you noticed that when you split these ingots you get a 
series of lines across the primary blowholes, as though the gas came off in surges? 
That structure seems to be developed in a great many ingots. Instead of having a 
perfect pipe there is a series of bubbles running all the way along on the ingot, as 
though the gas had a way of building up enough pressure to let go, and yet not enough 
volume in the gas to be released, sp that a series of bubbles is formed. 

J. H. Nbad. — I have frequently noticed the same thing, but I would not say it 
was a series of bubbles. These parallel lines do occur in the primary blowhole zone, 
but the blowholes seem to be continuous through those lines. I think that what we 
need is a thorough investigation of the nature and the amount of gas evolved during 
ingot solidification. That has been attempted a number of times, but never, so far 
as I know, been done satisfactorily, and there has never been anything published on 
it that is really reliable. 

Such information, I think, would lead to a clearer understanding of the mechanism 
of the solidification of rimmed steel. 

L. F. Reinartz. — The British Iron and Steel Institute has done much work on 
the heterogeneity of rimmed-steel ingots. Its writers have theories as to the cause 
of blowholes but they have not come to any definite conclusions as to the formation 
of these gases and how these blowholes are formed. 

C. H. Herty, Jr. — There appear to be regular lines of freezing on the walls of 
the blowholes, indicating that the bubbles come off in surges rather than at random. 
In cooperation with the M.I.T. School of Chemical Engineering Practice, we have 
been doing work on gas evolution. In measuring the gas evolved we get these definite 
surges during the period of primary blowhole formation. And so it is not a question 
of a bubble coming off as soon as it is formed, but of a bubble having to get up to a cer- 
tain size. 


Research Engineer, Bethlehem Steel Co. 



DISCUSSION 


399 


L. F. Reinartz. — What effec.t has the thickness of the mold wall on the line of 
secondary blowholes? It seemed to me that the secondary line of blowholes is deter- 
mined more by the thickness of the mold wall than by the height of the ingot. 

T. S. Washburn. — We have made no experiments to correlate those two variables, 
and yet I would be inclined to disagree. I think it is determined more by the dimen- 
sions and weight of the ingot than by the thickness of the mold wall. Our theory is 
that the secondary line of blowholes is formed when the ingot is capped and the evolu- 
tion of the gases ceases, and consequently its position is governed by the rate of 
solidification and the length of time the ingot rims. 

B. M. Larsen,* Kearny, N. J. — No logical explanation occurs to me for the wavy, 
vertical line structure in the rim zone mentioned by Dr. Herty, but the existence of 
two blowhole zones with solid metal between can probably be explained briefly as 
follow’s, although a complete explanation would require more time than is available 
here in discussion: The so-called “skinholes” in the ingot, which form in the rim zone 
near the surface, are due to gas bubbles formed in the residual hquid and trapped 
between dendrites growing into the liquid metal at right angles to the mold wall. The 
reason the bubbles are trapped is essentially the rapid rate of freezing relative to the 
violence of the rimming action” or stirring in the liquid, especially near the bottom 
of the ingot. As freezing continues, the rate of growth of crystals inward decreases 
and the stirring action probably tends to increase, so that these bubbles begin to be 
swept upward and out of the metal instead of being trapped between dendrites, and 
the inner portion of the rim zone will usually be sohd. When rimming is stopped by 
the top freezing over or by capping, we then, of course, get the second zone of larger, 
irregularly shaped blowholes near the transition between “rim” and “core” zones. 
The whole process is controlled by the balance between the factors of rate of solidifica- 
tion, hydrostatic pressure (i.e., height of metal in the mold) and the rate of gas-bubble 
formation (i.e., the concentrations of C and FeO in the metal). 

H. D. Hibbard, t Plainfield, N. J. (written discussion). — This is an interesting 
addition to the literature of rimmed steel, but one might wish for fuller details, par- 
ticularly of the furnace practice. To have the full story of any steel one must start 
not later than at the blast furnace, or at least with the crude iron used in making the 
steel. The different kinds of rimmed steel made by different plants call for minute 
description of details. No two practices are alike in every particular. 

The present writer has had no experience with such large rimmed-steel ingots 
as are described in the paper and casting conditions are important. It is important 
whether rimmed steel is to be top-cast or bottom-cast. Each method requires appro- 
priate furnace treatment. Generally speaking, it is easier to get a good rimming effect 
if the steel is bottom-cast, as the rate of cooling in the mold, which sets free the gases 
of effervescence, is then more rapid. For top-casting the bath metal needs to be more 
strongly oxidized, so as to be more gassy. All the steel mentioned in the paper was 
apparently top-cast. 

Blowing ingots apart by dynamite may show up the internal structure to the eye, 
but a planed or sawed surface photographs better. 

What the authors call primary and secondary blowholes the present writer has 
called skinholes and intermediate gasholes, as indicating their location in the ingot. 
Skinholes are formed chiefly by hydrogen and intermediate chiefly by carbon monoxide. 

The statement on page 379 that “rimming” results from the evolution of gas seems 
to be inaccurate. The rim is the top of the frozen shell of the ingot. The evolution 
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of gas keeps the top of the still liquid steel ‘'open/' not allowing it to freeze until near 
the end of solidification. 

The addition of the spiegel made 20 to 25 min. before tapping seems to the writer 
to be not needed in view of the high manganese then in the bath metal. Such addition 
would tend to quiet the boil when more boil was needed rather than less. A little 
crude by augmenting boil would be better. The low carbon in the metal, indicating 
considerable if not ample oxygen present, was a saving condition. 

The great requirement in making rimmed steel is to have a solid skin at least in. 
thick (1 in. is better) form in the ingot before the skinholes start to form. That 
requires that the hydrogen content of the bath metal is not excessive and that depends, 
in the writer's opinion largely on three things: (1) that in the crude iron of the charge, 
(2) water vapor in the melting chamber, and (3) the quantity and vigor of boil of the 
bath. The first two put it in, the third expels it. 

The great point in making rimmed steel is to have, particularly at tapping, a proper 
temperature of the bath, -which will favor a proper evolution of gas in the mold. It 
should be such as to admit of clean teeming, with perhaps an incipient skull left in 
the ladle. 

T. S. Washburn and J. H. Nbad (written discussion). — The authors agree with 
Mr. Larsen's discussion, which summarizes satisfactorily the phenomena associated 
with solidification and gas evolution in accordance with the data at present available. 
His general theoretical explanation, however, emphasizes the desirability for more 
accurate information with respect to the solubility of carbon monoxide, hydrogen 
and nitrogen under the conditions present in rimming steel, both in the bath before 
tapping and in the two phases at the liquid-solid interface during solidification. Only 
when such information is available will we be able to progress beyond the indeter- 
minate explanation of the rimming phenomena to which we are limited at present. 

We agree with Mr. Hibbard that it would be desirable to have the complete history 
of a heat of rimmed steel, but we are inclined to believe that it is not necessary to 
attempt to correlate the quality with the blast-furnace practice and iron analysis. 
The quality of the steel undoubtedly is influenced by the iron, but only in so far as 
it effects the type of melt obtained and the analysis of the finishing slag, and if the 
record of a heat that is being studied includes this melt and slag information it is not 
necessary to include data with respect to the iron. Mr. Hibbard's comments in 
regard to the primary blowholes being formed by hydrogen are interesting and we 
regret that we have no information to substantiate the point. We do not agree with 
his interpretation of the effect of the spiegel addition. This addition does not tend to 
quiet the boil, as the bath is more highly oxidized 30 min. after the spiegel addition 
than it is before the addition. In general, the effect of the spiegel addition made to 
this type of steel 25 to 30 min, before tapping is to equalize and raise the temperature 
of the bath, increase the fluidity of the slag and slightly increase the oxidation of the 
bath at tapping time. 



Some Factors Influencing Segregation and Solidification in 

Steel Ingots 

By Leon H. Nelson* 

(New York Meeting, February, 1937) 

Several factors which affect the segregation and solidification of 
killed hot-topped steel ingots are: (1) pouring temperature, (2) volume 
in the hot top, (3) taper in the ingot, (4) pouring rate by varying the 
nozzle size, (5) segregation of several elements, (6) moving ingots before 
completely solidified. 

In most of this discussion, segregation will be measured in terms of 
carbon variation only. All the data given are results on S.A.E. 1040 
analysis of fully killed steel direct-poured in hot-topped molds giving 
20-in. square ingots. Thus the variables of analysis and ingot size and 
contour are eliminated. Segregation results are all on the rolled-bloom 
size, not on the ingot itself. They are results from plant-control work 
and not results of special research on ingot segregation. 

Pouring Temperature 

The temperature (or, more correctly, the amount of superheat above 
the liquidus-solidus) of the steel entering the ingot is, of course, one of 
the most important factors influencing segregation and solidification. 
Table 1 gives the average segregation of a number of heats of S.A.E. 1040 
steel with normal pouring temperatures of 2775® to 2825® F. The table 
also gives some data on segregation in hot heats (pouring temperature 
2840® to 2870® F.) and in cold heats with some skull (poured at 2725® 
to 2760® F.). 

The results in Table 1 are on steel ingots with 20-in. square cross 
section and 60 in. long to the hot top. The ingot weighs 7100 lb. and the 
hot top contains 14,3 per cent of the total ingot volume and 11.2 per cent 
of the total ingot weight. The results are from drillings after rolling 
the ingots to bloom size. Segregation results obtained on the bloom are 
probably not as great as they would be in the ingot itself, since heating 
the ingots for rolling can perhaps cause some migration of carbon from 
regions of high and low carbon to those of average carbon content. 


Manuscript received at the ofl&ce of the Institute Dec. 1, 1936. 

* Open Hearth Metallurgist, Republic Steel Corporation, Buffalo, N. Y. 
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“Positive segregation^^ indicates higher than ladle analysis and “negative 
segregation'^ indicates lower than ladle analysis. 


Table 1. — Effect of Pouring Temperatures on Carbon Segregation in 
S.A.E. 1040 Ingots 


Distance 
from 
Butt 
of Ingot, 
Per Cent 

Hot Heats 

Normal Heats 

Cold Heats 










of Ingot 
Weight 

Edge 

Halfway 

Center 

Edge 

Halfway 

Center 

Edge 

Halfway 

Center 

88 


+0.037 

+0.220 

+0.004 

+0.039 

+0.127 




86 


+0.031 

+0.085 


+0.033 

+0.060 




84 


+0.028 

+0.048 


+0.027 

+0.050 


+0.056 

+0.072 

82 





+0.026 

+0.036 




80 





+0.024 

+0.030 




78 





+0.019 

+0.027 









+0.016 

+0.019 




45 . 


+0.018 

-0.008 

0.000 

+0.004 

-0.020 


-0.018 

-0.042 

5 


+0.005 

0.000 

-0.002 

-0.009 

-0.012 


-0.012 

-0.016 


® Plus sign indicates positive segregation, above ladle carbon content. 
Minus sign indicates negative segregatidn, below ladle carbon content. 


The data of Table 1 lead to the following comments on the effect of 
pouring temperature on carbon segregation in 20-in. square ingots of 
S.A.E. 1040 steel. 

1. The portion of the ingot near the surface will analyze very close 
to the ladle analysis from top to butt of the ingot. The interior, however, 
will show varying degrees of segregation, positive segregation near the 
top and negative segregation in the lower portions. 

2. At 80 per cent bloom yield, heats with normal pouring temperatures 
will show about 0.045 per cent carbon segregation from top to butt along 
the central axis, which is the region of greatest segregation. 

3. Hot heats give more positive segregation at the center of the cross 
section near the top of the ingot; they also tend to give less negative 
segregation in the center in the lower portion of the ingot. 

4. Cold heats show appreciably more segregation from top to butt 
than normal heats. The cold heats have more positive segregation at 
the top and usually more negative segregation at the butt of the ingot. 

Pig. 1 shows the regions of over about 0.01 negative segregation and 
over about 0.01 positive segregation. It must be remembered that these 
segregation results are on plain carbon steels of about 0.40 carbon, made 
with a certain deoxidation practice. Alloy steels practically always show 
less carbon segregation than plain carbon steels of corresponding carbon 
content. Carbon segregation in plain carbon steel will also vary to some 
extent with different deoxidation practices. 
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Volume in Hot Top 

The writer has compared the segregation in 204n. square ingots 
poured in the same molds but with different 
volumes in the hot top. All ingots had the 
same kind of hot top, in which the volume 
was changed by pouring steel to different 
heights in the hot top itself. The results 
of Table 2 show the effect of hot-top volume 
on segregation in the ingot. The ingots 
with the smallest volume of steel in the hot 
top (13.0 per cent) gave the greatest amount 
of segregation. These ingots also tended 
to pipe enough to give lower bloom or billet 
yields than ingots with greater volume in 
the hot top. On the other hand, results 
indicated no advantage here in using over 
14.3 per cent volume in the hot top for this 
size of ingot. 

Taper in Ingot 

The writer has recently had the oppor- 
tunity to compare ingots of practically the 
same size in cross section and weight but 
with different amounts of taper. These 
ingots were 20 in. square by 60 in. long, 
one ingot having 2-in. taper while the other squabb 
had 3-in. taper. Table 3 gives the segre- 
gation results in the two ingots from a heat 

that had a small skull, and which, therefore, had a lower pouring tempera- 



Fig. 1. — Regions- of oveb 
0.01 positive and negative 
SEGBEGATION IN A 20-INCH 
INGOT OF S.A.E. 1040 

AT NORMAL TBMPERA- 


Table 2 . — Effect of Hot-top Volume on Carbon Segregation in S.A.E. 1040 

Ingots 


Distance 
from Butt 
of Ingot, 
Per Cent 
of Ingot 
Wei^t 

17.0 Per Cent Volume, 
13.3 Per Cent Weight, in 
Hot Top 

15.6 Per Cent Vol- 
ume, 12.2 Per 
Cent Weight, in 
Hot Top 

14.3 Per Cent Vol- 
ume, 11.2 Per 
Cent Weight, in 
Hot Top 

13.0 Per Cent Vol- 
ume, 10.2 Per 
Cent Weight, in 
Hot Top 

Halfway 

Center 

Halfway 

Center 

Halfway 

Center 

Halfway 

Center 

87 

85 

83 

Above H.'! 
+0.041 
+0.041 

?. junction 
+0.037 
+0.046 

+0.037 

+0.041 

+0.040 

+0.043 

+0.058 

+0.058 

+0.045 

+0.042 

+0.034 

+0.059 

+0.046 

+0.042 

+0.025 

+0.034 

+0.030 

+0.105 
+0.055 
+0 .045 


ture than normal. These results show somewhat less positive segregation 
at 78 to 85 per cent distance from the butt on the ingot with the greater 
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amount of taper. Routine tests on a number of other heats using these 
ingots also indicated that the ingots with 3-in. taper showed somewhat 
less segregation than the ingots with 2-in. taper. 


Table 3. — Effect of Taper in Ingot on Carbon Segregation in S.A.E. 1040 

Steel 


Distance from Butt 
of Ingot, Per Cent of 
Ingot Weight 

i ! 

1 Ingot with 2-in. Taper 

Ingot with 3-in. Taper 

Halfway 

Center 

Halfway 

Center 

87 

+0.048 

+0.048 

+0.048 

+0.062 

85 

+0.048 

+0.064 

+0.044 

+0.048 

83 

+0.044 

+0.054 

+0.048 

+0.040 

80 

+0.032 

+0.064 

+0.036 

+0.052 

78 

+0.044 

+0.072 I 

+0.040 

+0.030 

72 

+0.036 

+0.020 

+0.024 

+0.040 

62 

+0.044 

+0.014 

+0.020 

+0.008 

51 

+0.028 

+0.002 

+0.016 

+0.000 

46 

+0.016 

+0.020 

+0.008 

+0.026 


Effect of Pouring Rate Caused by Varying the Nozzle Size 

The carbon segregation in 20-in. square ingots poured through nozzles 
of three different sizes (1%, IH diameter) seems not to be 

appreciably affected by the varying pouring rate. Table 4 gives average 
segregation results on a number of S.A.E. 1040 heats poured with the 
three nozzle sizes. 


Table 4. — Effect of Pouring Rate on Carbon Segregation in S,A.E, 1040 

Ingots^ 


Distance from Butt 
of Ingot, Per Cent of 
Ingot Weight 

Ingot Poured 

1%-in. Nozzle 

IJ^-in. Nozzle 

l^-in. Nozzle 

84 

First 

+0.025 

+0.024 

+0.029 


Last 

+0.026 

+0.024 

+0.031 

45 

Middle 

+0.014 

+0.008 

+0.014 


Last 

+0.004 

+0.003 

+0.008 

5 

First 

-0.010 

-0.014 

-0.009 


® These segregation results at halfway from edge to center of cross section. 


The three nozzle sizes give much difference in pouring rate near the 
start of pouring. However, the smaller nozzles seem to erode more 
rapidly, so that after about one-half of the heat is poured, the difference 
in pouring rate is not great. The average pouring rate for a whole heat 
is only 15 per cent slower with a nozzle than it is with a 1%-in. 

nozzle. The average pouring rate with a nozzle is only 25 per 

cent slower than it is with a 1%-in. nozzle. Since the 1^-in. nozzle 
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gives a more uniform pouring rate throughout the pouring of a heat, the 
writer prefers dt to the smaller sized nozzles mentioned. 

Segregation of Several Elements 

Most of the commoner elements present in steel will segregate in 
somewhat the same manner and degree as carbon. Table 5 shows the 
segregation of carbon, manganese, phosphorus, sulphur and silicon in a 
single heat of S.A.E. 1040 steel and also the average segregation in 
several grades of steel. 


Table 5 . — Segregation of Various Elements in a Heat of S.A.E. 1040 Steel 


Element 

Ladle Analysis, 
Per Cent 

Segregation, 

86 to 6 Per 
Cent from Butt 

Segregation, 
Per Cent 

Carbon 

0.43 

0.052 

12 

Manganese 

0.74 

0.06 

8 

Phosphorus 

0.025 

0.003 

12 

Sulphur 

0.030 

0.005 

16 

Silicon. ... . . 

0.26 

0.01 

4 




Average Segregation in Several Grades op Steel 


Element 

Grade of Steel 

Segregation, 

85 to 5 Per 
Cent from Butt 

S^egation, 
Per Cent 

Carbon 

S.A.E. 1040 

0.05 

12 

Manganese 

S.A.E. 1340 

0.15 

9 

Sulphur 

S.A.E. 1130 

0.025 

20 

Nickel 

S.A.E. 2330 

0.18 

5 




Moving Ingots before Completely Solidified 

The writer has always been a firm believer in holding killed ingots 
nntil completely solidified before moving them. This is justified by the 
uniformly sound steel produced even if it does mean lower temperature 
of the ingots entering the soaking pits. In an earlier paper^, the writer 
demonstrated that a good working rule for calculating the time of solidi- 
Scation on usual size “big end-up” ingots is as follows: The time of 
solidification (in minutes) equals the square of half the small cross sectional 
dimension (in inches) of the top of the ingot. Thus, for an ingot having 
20 in. as the shortest dimension at the top, the time for complete solidifica- 

/ 20 \^ 

tion will be approximately 100 minutes, or T = ~ 

Fig. 2 show the macroetch of billet cross sections from a heat of 
3.A.E. 3140 steel that was moved too soon. The ingots were moved from 


^L. H. Nelson: Solidification of Steel in Ingot Molds. Presented at convention of 
ihner. Soc. for Metals, October, 1933. 
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the pouring platform about 40 min. after pouring; then stripped and 
charged into the soaking pits about 60 min. after pouring. Note the 
unsound centers where the steel was still in a mobile state when charged 
into the soaking pits. Other ingots on the same heat that were held 
for 90 min. before moving gave perfectly sound billets. 

This illustration may seem to be a somewhat exaggerated example, 
nevertheless it suggests the desirability of keeping killed ingots stationary 
until they are entirely solidified or else moving them continually during 
solidification, as is done sometimes. 

Summary 

The data presented lead to the following observations concerning the 
segregation in killed S.A.E. 1040 ingots, 20 in. square: 

1. Normal pouring temperatures are best to avoid excessive 
segregation. 

2. The volume of metal in the hot top must be correct to keep segrega- 
tion at a minimum. Volumes that are too small give segregation and 
pipe; volumes that are too large mean a waste of steel. 

3. The segregation may be influenced by the taper in the mold. 

4. The rate of pouring the ingot (within the limits mentioned) does 
not affect segregation. Excessively fast or excessively slow pouring, 
however, probably has an influence. 

5. It is important that killed ingots should not be moved before they 
are completely solidified. 

In conclusion, the writer wishes to suggest that in determining ways of 
preventing excessive positive segregation at the top of ingot the experi- 
menter should not neglect to test the segregation and soundness lower 
down in the ingot. It is the writer’s experience that some procedures 
that reduce positive segregation at the top of the ingots may also increase 
negative segregation and unsoundness along the central axis near the 
middle of the ingot. 


Acknowledgment 

The writer wishes to thank the management of the Republic Steel 
Corporation for permission to publish the data presented here. 

DISCUSSION 

[See also page 349] 

(L. F, Beinartz presiding) 

E. Gathmann,* Baltimore, Md. (written discussion). — Mr. Nelson is to be con- 
gratulated on the thoroughness that characterizes his experiments and the excellent 
manner in which he presents his findings. 


* President, Gathmann Engineering Co, 
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The data regarding teeming temperatures, hot-top volumes, percentages of taper, 
nozzle sizes and the desirability of keeping fully killed steel ingots stationary until 
completely solidified is in accordance with our experience. However, there are two 
other factors that should be included to make the picture of solidification and segrega- 
tion more nearly complete; viz., the effects of mold temperatures at the time of teeming 
and the cross-sectional contours of the mold chambers. 

Mold Temperature . — In a jag of 20 to 30 molds, unless due precautions are taken 
to assure approximate uniformity of temperature, there may frequently be a variation 
of 100° F. and even as much as 200° F. between the low and high temperatures of the 
molds. Cold molds — those at atmospheric temperature at the time of teeming (espe- 
cially in winter) — produce segregation similar to that existing when heats are teemed 
on the cold side; and excessively hot molds (those used for a heat and then re-used 
before having cooled sufficiently) give results similar to “hot” heats. This is true 
even though the molten metal is teemed at what is considered normal or best pouring 
temperature for the specific type of steel. 

Air Gap and Segregation . — One of the most important functions of corrugated 
mold chambers is to delay the formation of an air gap at. the primary faces of the 
ingot, so that there will be a longer period of initial contact of the ingot skin with 
the mold matrix. This longer initial contact produces a materially thicker equiaxed, 
chill, crystalline ingot skin and considerably shortens the period of complete solidi- 
fication of the ingot metal. Mr. Nelson's formula for time of solidification is 
approximately correct when applied to suitably corrugated ingots. For plane-sided 
square ingots of 20-in. top cross section and 2-in. taper in a 72-m. length, we have 
found that approximately 2 hr. is required for complete solidification in car practice 
and 2)4 hr. in pit practice. As the percentage of segregation in fully killed steels is 
approximately proportional to the time of complete solidification, a suitably cor- 
rugated ingot, all other factors being equal, should have about 12 per cent less segrega- 
tion than a plane-sided contour. Increasing the taper of an ingot, especially in 
high-carbon and alloy steels, lessens both positive and negative segregation by retard- 
ing the formation of the air gap and thus shortening the period of solidification. Our 
experience is that the taper in a rectangular corrugated mold of 20-in. top cross section 
for use in car practice should be at least in. per foot of chamber height. 

W. J. Reagan,* Pittsburgh, Pa. — Has the author done anything about the reason 
for the taper affecting the segregation? We have a little different type of story on 
our bottom-cast products, but generally we find the same results. 

L. H. Nelson. — I cannot answer that satisfactorily, so I will not try to answer 
it at all. It is true, though, and I have proved it in several instances, and Mr. Gath- 
mann spoke of expressing taper in inches per foot — that is, of course, the proper way 
to do. One ingot had 0.4-in. taper per foot, and the other 0.6-in. taper per foot; I 
think at least a J^-in. taper per foot is desirable. 

G. SoLER,t Canton, Ohio. — I believe that Mr. Nelson has adhered to the subject 
of solidification and effect on segregation without digressing to various other effects 
of pouring practice that might be considered. 

The nozzle has an important function in pouring steel, and oqe can vary the nozzle 
diameter in order to produce certain effects. For instance, decreasing the size of the 
nozzle increases the relative amount of surface area exposed to the air while the steel 
is traveling from the nozzle to the bottom of the mold. 


* Edgewater Steel Co. 

t Manager, Mill Met. and Research, Timken Roller Bearing Co. 



DISCUSSION 


409 


The increase of surface area varies, of course, directly with the radius of the nozzle 
hole, and the volume with the square of the radius. Consequently, with the small 
nozzle the steel is cooled more rapidly than with a larger nozzle, and a thick-skinned 
ingot can be produced. Our experiments have proved these observations to be valid. 

We have also experimented with steel poured through a basket or double-pour 
ladle so that a constant head is maintained; we have used nozzle of different sizes for 
measuring the rate of build-up or cutout from ingot to ingot. These experiments 
have been conducted on a large number of heats. In general, we agree with Mr. Nel- 
son that the small nozzle will usually cut out to a greater finished size than a larger 
nozzle. This, however, can be compensated for by the use of different nozzle materials. 

L. F. Reinaetz,* * * § Middletown, Ohio. — Is it not a fact that the cutting out of the 
nozzle depends largely on the head of the metal in the ladle? 

L. H. Nelson. — Of course, the nozzle cuts more rapidly near the first third of the 
heat when we still have a pretty fair head of metal. Even then, the rate of cutting 
on the small-area nozzle is greater than on a l^-in. nozzle. There is a difference of 
26 per cent in areas between the IK and 1%-in. nozzles when we start, and by the 
time we finish there is probably only a 10 per cent difference in the area. So a heat 
being poured with a small nozzle has a more variable pouring rate from one end of the 
heat to the other than is caused, say, with a nozzle. In any event, when 

there is trouble with a little skull forming around the stopper head, then there is 
more trouble with the smaller nozzle. There are, of course, certain types of steel that 
probably demand a smaller nozzle. 

A. B. KiNZEL,t New York, N. Y. — There is one other factor that has not been 
particularly stressed. Undoubtedly, the segregation is largely effected by the tem- 
perature difference between the solidus and the liquidus; the difference in the behavior 
of alloy steel and carbon steel is probably illustrative, and we know the difference 
between steels of the automotive type here mentioned and tool steels, so that this 
range probably is very important in consideration of the problem of segregation in an 
ingot, and perhaps more important than many of the other factors mentioned. 

F. A. KrNG,t Weirton, W. Va. — I think the smaller nozzle will give a little better 
ingot in the first 25 per cent heat. 

L. F. Reinartz. — What effect has the ^‘head” of the metal on the cutting out of 
the nozzle? 

F. A. King. — In the lower carbon range, the temperature of the metal has a great 
deal to do with the cutting out of the nozzle. 

T. S. Washburn, § Indiana Harbor, Ind. — Did you encounter porosity underneath 
the shoulder of the hot top — ^that is, a porous condition of the section underneath the 
inset poured at the top? 

L. H. Nelson, — You mean the shoulder between the base of the hot top and the 
mold. Yes, we sometimes do, but that is generally too high for practical use — ^that is, 
for quality steels — and so there is no detriment as far as operation is concerned. Up 
there is the 86 and 88 per cent yield, and that is not obtainable in good killed steel. 
That portion of the ingot does tend to be a little porous at times, but not often. 


* Works Manager, American Rolling Mill Co, 

t Chief Metallurgist, Union Carbide and Carbon Research Laboratories, Inc. 

t Open Hearth Superintendent, Weirton Steel Co. 

§ Metallurgist, Inland Steel Co. 
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L. F. Reinartz. — We had a very interesting confirmation of what Mr. Nelson 
reported in regard to the pulling of heats and placing them in the soaking pits too 
early. During the war we were making 6-in. shells, and a great many slugs were 
being rejected on account of ^ Voody '' centers. We made several investigations with 
the Grovemment inspectors and found that we were placing the 18 by 20-in. and 20 
by 22-in. ingots into the soaking pits about an hour after they were poured. When 
we lengthened the time before charging the ingots to 2 ) 4 , hr. the woody sections 
disappeared and we had fewer rejections. 



Variants Influencing Austenite Grain Size as Determined 
by Standard Methods 

By R. Schempp* and C. L. Shapiro f 

(New York Meeting, February, 1936) 

During the past few years, general interest in the steel-producing and 
steel-consuming industries has been centered on the so-called “inherent 
characteristics” of steels. While often vaguely described, these char- 
acteristics are known to influence the response to heat-treatment and the 
hardening characteristics of the material. 

Although most of the recent papers and discussions have associated 
the “inherent characteristics” with the austenitic grain size and empha- 
sized the importance of it, comparatively little is known of the variables 
that may affect the size of the austenite grain. 

The work to be described in this paper was carried out during the 
course of a study on the inherent characteristics of tool steel containing 
one per cent carbon. The discrepancies encountered in the determination 
and classification of the austenitic grain size led to an investigation of 
some of the variants influencing the austenitic grain size as determined 
by standard methods. 

Methods of Determining Austenitic Grain Size 

The present methods used for the determination of the austenitic 
grain size may briefly be classified in two groups : 

1, Etching at room temperature to reveal the austenite grain size 
prior to cooling. 

2. Etching at elevated temperatures, cooling to room temperature, 
and observing the structural conditions that existed at the temperature 
from which cooling occurred. 

The outstanding methods of the first group are: (1) the McQuaid-Ehn 
test, (2) optimum rate of cooling, (3) quenching and etching. 

McQuaid-Ehn Test , — This established and accepted test does not need 
much elaboration. It consists of pack carburizing at a definite tempera- 
ture for a standard period of time and slowly cooling in the furnace. 
The temperature is 1700® F, (925® C.) and the time is 8 hr. The inter- 
pretation and evaluation of this test are fairly well defined in the A.S.T.M. 


Manuscript received at the office of the Institute Dec. 2, 1935; revised Feb. 18, 1936. 
* Metallurgist, Halcomb Steel Co., Syracuse, N. Y. 
t Assistant Metallurgist, Halcomb Steel Co. 
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Standardization procedure and standard grain-size chart for the classifica- 
tion of steels, A.S.T.M. Designation E 1933, and does not warrant further 
discussion at this time. 

Optimum Rate of Cooling . — ^This method of determining the austenite 
grain size necessitates a careful regulation of the cooling rate and should 
only be resorted to on hypoeutectoid and hypereutectoid steels; that is, on 
materials that possess an excess constituent, either ferrite or cementite. 

Davenport and Bain^ describe this method of optimum cooling 
as follows: 

Distinctly Hypereutectoid Steels: In most cases, particularly with plain carbon steels, 
it suffices merely to cool the specimen in air after heating substantially according to 
the schedule contemplated or observed in the commercial operation under consider- 
ation. The specimen, which may vary from perhaps a quarter-inch section to a 
small billet, may be cooled at any moderately slow rate, and about each austenite 
grain a continuous envelope of carbide will be formed which offers sufficient contrast 
to the pearlite to make grain size estimation quite feasible. 

If the steel contains considerable alloy or if it is only slightly hypereutectoid, it 
may be necessary to transfer the specimen, after heating and prior to final cooling, to 
another furnace or bath at a temperature just about Ai for several minutes to insure 
the formation of the intergranular carbide network. The ideal cooling rate is then 
that which will form a black-etching pearlite of finest lamellae; in the larger sections, 
an oil quench is often effective. In some alloy steels martensite may form, in which 
case contrast between network and ground mass may be developed either by temper- 
ing and etching with alcoholic nitric acid or by etching in boiling sodium pic- 
rate solution. 

Moderately Hypoeutectoid Steels: In many cases in which the volume of proeutectoid 
ferrite is inherently comparatively small the same general procedure as for hyper- 
eutectoid steels may be effectively employed. The network marking out the austenite 
grain will, in this case, be ferrite and the etching technique is appropriately selected. 
Likewise if the steel is only slightly hypoeutectoid a brief halt in the cooling at a 
temperature just above As will aid in forming a more nearly continuous network of 
contrasting ferrite. When the carbon content of the steel is much lower with respect 
to the eutectoid composition good results may usually be secured by halting the 
cooling at a temperature just below As and then cooling rather more rapidly than for 
eutectoid composition, e.g., by an oil quench j the network is thus rendered more 
narrow and clean cut. 

Low-Carhon Steels: A moderately small sample is preferable; it is cooled from an 
appropriate heating temperature to somewhat below the As temperature where it is 
held for a few minutes to establish a ferrite network. It is then quenched as rapidly 
as possible. If not too low in carbon a subsequent tempering will produce a dark 
etching ground mass, particularly if the boiling sodium picrate solution is used as an 
etching agent. In some cases, when the carbon content is very low, only the texture 
of the etched surface serves to mark out the network and considerable patience and 
experience may be required to estimate the grain size. 

Eviectoid Steels: With no proeutectoid constituent to form in the grain-boundaries 
of the austenite, the grain is often obliterated with the transformation, either to 
pearlite or to martensite, or its tempered products. However, one characteristic of 
the transformation to fine pearlite serves to mark out the grain boundaries with 

1 E. S. Davenport and E. C. Bain: General Relation Between Grain Size and Hard- 
enability and the Normality of Steels. Trans, Amer. Soc. Metals (1934) 20, 879. 
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remarkable clarity; the transformation invariably begins in the grain boundaries at a 
number of points acting as nuclei. Accordingly, if the steel is cooled at a rate just 
less than the critical quenching speed, the microscopic specimen shows clearly where 
the boundaries of the parent austenite lay. For any eutectoid carbon steel, a speci- 
men of suitable size may be chosen for quenching so that at some point in its section 
the cooling must have been at the optimum rate. In rare cases of rather high alloy 
steels this type of demarcation of the grains may have to be secured by cooling the 
specimens quickly into a lead bath for a determined interval at a temperature of some 
100 to 200 degrees Fahrenheit (50 to 100° C.) below the Ai to permit the desired degree 
of transformation to fine pearlite to occur, after which the specimen is quenched into 
water to insure that the remainder of the specimen becomes martensitic. 

Quenching and Etching , — The procedure of determining the austenitic 
grain by quenching and etching is really but a modification of the preced- 
ing method. Dr. Grossmann and Miss Baeyertz were among the first to 
bring attention to the fact that the original austenitic grain boundaries 
may be observed in hardened steel after suitable etching. The procedure 
consists of quenching and etching in a manner by which the etching 
reagent will either stain or dissolve the austenitic grain boundaries that 
existed prior to cooling. 

As most of the known methods of determining the austenitic grain 
size by this means did not give entirely satisfactory results when working 
with heat-treated high-carbon tool steels, the procedure developed to 
bring out the parent austenitic grain in the material under consideration 
consisted of etching in a solution of 1 per cent nitric acid and 1 per cent 
picric acid from 2 to 5 min., washing in alcohol and drying. To keep 
the contrast between grain and boundary at a maximum, it was found 
desirable to wash in alcohol instead of water. Another method, of 
which the results were very consistent and satisfactory, was to etch for 10 
to 20 sec. in a 10 per cent solution of nital (15 c.c. of nitric acid per 100 c.c. 
of ethyl alcohol), washing in alcohol and drying. This method seemed 
best in bringing out the austenitic grain in tempered material. 

The differential attack of the etching reagents, which developed 
the required contrast for the examination of the austenitic grain, is 
illustrated in Figs. 1 to 4. Fig. 5 reveals an enormous austenitic grain 
(delineated by the cementite boundary) which, when examined at a low 
magnification, creates the impression of being an agglomeration of a 
number of small grains. 

Etching at Elevated Temperatures , — ^The second classification of deter- 
mining the austenitic grain size of steels involves the etching of polished 
specimens at elevated temperatures, using a suitable high-melting-point 
chloride compound as the etching reagent. The polished specimen is 
immersed in the molten compound (cadmium chloride) at the desired 
temperature. After heating for a sufficient length of time, usually 5 to 
30 min., this specimen is then water-quenched and washed m alcohol 
to remove the decomposition product caused by the etching attack. A 
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Fig. 1. — ^Austenitic gbain size in steel quenched pbom 1700° F. (925° C.) in oil. 

Etched 3 minutes in 1 per cent nital-picric acid solution. 

Fig. 2. — Austenitic gbain delineated in steel annealed pbom 1700° F. (926° C.). 

Etched 5 minutes in 1 per cent nital-picric acid solution. 

Fig. 3. — ^Austenitic gbain in steel quenched pbom 1700° F. (925° C.) in wateb. 
Etched 5 minutes in 10 per cent nital. AH X 1000. 
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Fig. 4; — Attstenitic grain outlined by cembntitic network in steel normalized 
PROM 1700® F. (925® C.). X 1000. 

Etcked 1 minute in 1 per cent nital-picric acid. 

Fig. 5. — Structural variations in a very coarse single grain. X lOOO. 
Etched 1 minute in 1 per cent nital-picric acid. 
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slight repolishing, which serves to intensify the contrast, then renders the 
specimen ready for microscopical examination. 

The typical austenitic grain-boundary condition that may be obtained 
in this manner at 1600^" F. (870° C.) is shown in Fig. 6. 

A careful study and comparison of the austenitic grain size as obtained 
by the various methods of determination showed the final results to be in 

fairly close agreement, with the 
exception of the McQuaid-Ehn test 
grain-size ratings, which seemed to 
be markedly influenced by certain 
variables. 

Material . — The material that 
was used in our efforts to develop 
the variables that may influence 
the grain-size ratings as interpreted 
by the McQuaid-Ehn test method 
was straight 1.00/1.10 per cent 
carbon basic electric tool steel. 
The compositions of the heats most 
frequently used in this work are 
given in Table 1. 

The so-called ^ inherent charac- 
teristics” of these heats as deter- 
mined by the now fairly well 
by Shepherd and described in his 
various papers, and the slab-hardenability test, together with the 
McQuaid-Ehn grain sizes of these heats, as determined in accordance 
with the mill’s practice on hot-rolled billet material, are contained in 
Table 2. 



JbiQ. tj. — Austenitic grain outlined 
BT ETCHING IN CdCb AT 1700° F. (925° 
0.). X 100. 

Grain boundaries in relief (white) ; grain 
depressed (black). 

established P/F test, as developed 


Table 1 . — Chemical Composition of Material 


Heat 

Composition, Per Cent 

Residual 

Oxides 

C 

Mn 

P 

s 

Si 

Ni 

Cr 

AI2O3 

Si02 

A 

1.06 

0.23 

0,015 

0,021 

0.21 

0.10 

0.05 

0.005 

0.004j 

0.025 

B 

1.07 

0.24 

0.010 

0.014 

0.23 

0.09 

0.03 

0.007 

0.007 

0.021 

C 

1.04 

0.18 

0,008 

0.013 

0.24 

0.10 

0.03 

0.006 

0.005 

0.021 

D 

1.04 

0.21 

0.007 

0.014 

0.22 

0.09 

0.04 

0.008 

0.004 

0.038 

E 

1.06 j 

0.27 

0.013 

0.016| 

0.25 

0.09 

0.04 

0.006 

0.005 

0.028 

F 

1.06 

0.23 

0.010 

0.015 

0.22 

0.09 

0.06 

0.008 

0.005 

0.034 


Influence of Prior Structure on McQuaid-Ehn Tests 

To determine the possible effect of various prior structural conditions 
upon the grain-size rating after the standard McQuaid-Ehn carburizing 
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treatment, representative disks (2 in. round by ^ in. thick) and bars 
(10 in. long by 1 in. in diameter) of the various heats were heat-treated so 


Table 2. — Characteristics of the Various Steels 


Heat 

Penetration (Case 
Depth), Hi In.« 

Fracture Grain Size, 
No. (Shepherd 
Standard Values) 

Hardenabili^, Core 
Depth, In, 

McQuaid- 
Ehn Test, 
Grain Size 

Quenching Temperatures, Deg. P. 

1 

Oil-treated 
0.300-in. Disk 

Oil-treated 
and Annealed 
0.343-in. Disk 

1450 

1500 

1550 

1600 

1 

1450 

1500 

1550 

1600 

A 


7 

8 

11 1 


m 


7M 

0.109-0.115 

0.093-0.093 


B 

6H 

7 

8 

9M 

m 

9 

8Mi 

7H 

0.094-0.094 

0.085-0.085 


C 

6 

m 


8H 

9M 


8H 

8H 

0.109-0.109 

0.125-0.125 

% 

D 

5K 

6 

7 

9 

9M 

m 

! 9 

8H 

0.140-0.140 

0.140-0.140 


E 

7 

8 


9 

9K 

9 

9 

8 

0.040-0.040 

No core 


F 

8 

m 

13 

16 

9^ 

9 

8 

7M 

No core 

No core 

! 



" Size of specimen: 3-m. long by K in. in diameter. 


as to range from a completely spheroidized condition to a martensitic 
structure. The heat-treatments, together with the average hardnesses 
of the specimens before and after carburizing are recorded in Table 3. 



Fig. 7. h'lo. 8. 

Figs. 7-8. — ^Effect op prior structure on austenitic grain size. 

Fig. 7. Brine-quenched and carburized. 

Fig. 8. Water-quenched and carburized. 

Both etched in 1 per cent nital-piciic acid solution. X 100. 

The grain-size conditions after carburization — that is, 8 hr. at 1700° F. 
(925° C.) — are illustrated in Figs. 7 to 12. 

Table 3 shows that although the hardness values of the specimens 
before carburizing are different, they are practically constant after the 
McQuaid-Ehn treatment. 
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The marked influence of the structural condition, prior to carburiza- 
tion, upon the grain size of steel A is summarized in Fig. 13. 



I Figs. 9—12. — ^Effect op prior stritctxjrb on austenitic grain size. 

Fi^. 9. Oil-Quenched and carburized. 

Fig. 10. Air-cooled and carburized. 

Fig. 11. Furnace-cooled and carburized. 

Fig. 12. Spheroidized (quenched and tempered) and carburized. 

All etched in i per cent nital-picric acid solution. X 100. 

It will be noted that a change from a martensitic to a fully spheroidized 
prior structure effects a considerable enlargement of the austenitic grain 
size after the standard carburizing treatment, generally, although it was 
observed that the austenitic grain size gradually increased from the prior 
martensitic to the spheroidized condition. 
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Fig. 13. — ^Effect of prior structure on McQuaid-Ehn test. 
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The inherent characteristics of heats, which so markedly influence 
the general response of the material to heat-treatment, were also investi- 


Table Z— Effect of Prior Structure and Carburizing on Hardness 


Heat-trfeatment at 1600® F. 

Structure * 

Hardness, Rockwell C 

Before 

Carburizing 

After 

Carburizing 

1 

Biine quenched 

Martensitic 


00 

Water quenched 

Martensitic 


00 

l-l 

Oil quenched 

Troostitic 



Air cooled 

Sorbitic 



Furnace cooled,. 

Pearlitie 



Quenched, tempered 

Spheroidized 

-2/ -3 



gated as to their effect upon the austenite grain size after the standard 
carburizing treatment. While these inherent characteristics do have some 
bearing on this matter, all of the results obtained indicate that the 



i AVI. X-*. r iG. io. 

Figs. 14-15. — Effect of inherent characteristics on austenitic grain size. 
Fig. 14. Steel C carburized 8 hr. at 1700° F. 

Fig. 15. Steel B carburized 8 hr. at 1700° F. 

Both etched m 1 per cent nital-picric acid solution. X 100. 

influence of prior structural conditions tend to overshadow the possible 
effects of such inherent characteristics. Figs. 14 and 15 are indicative of 
this, because both steels shown, while different in their inherent char- 
acteristics, respond more in accordance with their prior structural 
condition than wdth their inherent characteristics. (The inherent 
characteristics of these two steels , as measured by the Shepherd^ test 

^B. F, Shepherd: The P/F Characteristics of Steel, Trans, Amer. Soc. Metals 
(1924) 22, 979. 
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of hardenability and penetration fracture grain size (P/F), are given in 
Table 4.) 

Effect of Hot-working and Cold-working upon Austenitic Grain 

Size 

Since the structural condition prior to carburizing yielded such marked 
variations in the austenitic grain size as obtained by the McQuaid-Ehn 
test, an effort was made to determine the possible effects of hot and cold 
deformation. The former (hot-working) was accomplished by forging 


Table 4. — Penetration and Fracture Grain Size of Steels B and C 


Temperature, 

Deg, F. 1 

Penetration® 

Fracture Grain Size 

1 

Steel B j 

Steel C 

Steel B 

Steel C 

1450 

6H 

6 1 

9H 

9H 

1500 

7 

6M 

9 

9H 

1550 

8 

7H 

8K 

8H 

1600 

m 

SH 

7M 

8H 

1650 

11 

9 

7M 

8 

1700 

13K 

9K 

7K 

7H 

1750 

No core 

10 

Coarse 

7H 

1800 

No core 

12 

1 Coarse 


1900 

No core 

18 

Coarse 

5H 

2000 

No core 

i 

No core 

j Coarse 

Coarse 


« Size of specimen, 3 in. long by % in. in diameter. 


material at elevated temperatures, noting: (1) the influence of forging 
temperature (constant reduction), (2) the effect of reduction (con- 
stant temperature). 

Effect of Hot Work , — ^The influence of hot-working upon the austenitic 
grain size, as obtained after the McQuaid-Ehn treatment, is illustrated 
in Fig, 16, where A, B, and C demonstrate the effect of forging tempera- 
tures upon the condition of the austenitic grain size. The phenomena 
illustrated were found by upsetting bars (12 in. long by 3 in. dia.) at 
1800" F. (980" C.), 2000" F. (1090" C.) and 2200° F. (1200° C.) to a 
constant size (3 in. long by G-in. dia.). After cooling to room tem- 
perature, the bars were sectioned, surface ground, polished and car- 
burized 8 hr. at 1700" F. 

With increasing forging temperature, the depth of carburiza- 
tion and the grain size increased progressively. 

The effect of variation in reduction at a constant hot-working 
temperature was recorded by heating bars (10 in. long by 2-in. dia.) 
to 2000" F. (1090" C.) and quickly forging them to a point. After 
cooling to room temperature, the bars were surface ground and car- 
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burized 4, 8 and 16 hr. respectively, 



then cut longitudinally through the 
center and polished. 

Fig. 17, carburized 8 hr. at 
1700® F. (925® C.), shows that 
at constant temperature the 
amount of reduction influences 
the austenitic grain size; i.e., 
the coarsening range. Figs. 18 
and 19, taken at the unworked 
and maximum reduced sections, 
illustrate the change in grain 
size after the McQuaid-Ehn 
test, due to variations in the 
amount of reductions. 

These results are in general 
agreement with the findings of Dr. 
Grossmanm^, that in a medium 
carbon steel, containing less 
than 50 per cent of carbon, hot- 
working progressively lowers the 
coarsening temperature and 
increases the susceptibility to 
grain growth. 

Influence of Cold Work , — 
The effect of cold work on the 
austenitic grain size was first 
determined by Brinelling (2-in. 
dia.) disks, using the standard 
3000-kg. load, removing the 
impressions and carburizing 8 hr. 
at 1700® F. After carburization, 
the disks were ground, polished 
and etched in 5 per cent nital 
(Fig. 20). The areas where the 
Brinell marks occurred appear as 
fine-grained circles. Carburiza- 
tion of all cold-worked disks, 
regardless of heat, showed similar 
results, although in different 
degrees of intensity — the disks 

3 M. A. Grossman :i Grain 'Size in 
Metals with Special Reference to Grain 
Growth in Austenite. Tram, Amer. 
Soc. Metals (1934) 22, 10. 
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of some heats exhibited fine-grained zones in a coarse-grained matrix, 
while others showed coarse-grained circles in a fine background. When- 
ever the circle grain structure was fine, the grain had a tendency to 



Fig. 17. — Infiitjence of hot mbchanical deformation (constant temperature) 

ON THE AUSTENITIC GRAIN SIZE. 

Forged at 2000** F. (1090** C.) 


coarsen slightly a short distance from the periphery, indicating so-called 
critical grain growth, as observed by Professor Sauveur^ in his cold- 
work experiments. 

To obtain an intensification of cold work, annealed bars of 1-in. dia. 



tFiG. 18.] Fig. 19. 

Figs. 18-19. — ^Influence of mechanical deformation on austbiutic grain size. 
Kg. 18. Austenitic grain size of unworked bar. 

Fig. 19. Austenitic grain size of hot-worked bar. 

Both etched in 1 per cent nital-picric acid solution. X 100. 

were bent in a tensile machine and carburized 8 hr. at 1700® F. After 


^ A. Sauveur: Metallography and Heat Treatment of Iron and Steel, Ed. 4. New 
York, 1936. McGraw-Hill Book Co. 
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carburizing, the bent bars were cut longitudinally through the center 
and polished. The results obtained are illustrated by one of the bars 
(Fig. 20), which shows excessive grain growth during carburization. 

Fig. 20 also contains a photograph 
of a carburized disk showing the 
Brinell marks. 

Cold Drawing . — The results of 
the influence of cold drawing on the 
coarsening temperature, published 
by McCarthy®, were substantiated 
during the course of this investiga- 
tion. The conclusions obtained by 
carburizing cold-drawn wire (steel 
E), after various reductions, are 
presented in Table 5, and show 
that as the amount of reduction 
increases, the coarsening range 
and temperature automatically 
become lower. 

Duplexing . — During the inves- 
tigation of the effect of cold work 
upon the austenitic grain size as 
developed by the McQuaid-Ehn 
treatment, it was noted that the 
most severe amount of cold work- 
ing yielded a uniform, fine grain 
size with rather coarse carbide 
boundaries: less severe distortion 
produced a maximum amount of 
duplexing, which progressively di- 
minished with less deformation. 
This indicates that duplexing is an inhibited grain-growth phenomenon, 
resulting from a “critical’ amount of cold work. Similar “duplexing’^ 
results have more recently been obtained by localized temperature 
differences in ^^hot’^ deforming the material. 

Summary 

The data presented in this paper clearly show that a number of 
variants may influence the austenite grain-size rating of steel: primarily, 
it is the prior structural condition of the material, which in turn is 
definitely dependent upon the heat-treatment of the material, the amount 



Fig. 20. — Influence of cold woek on 

AUSTENITIC GRAIN SIZE. 


® B. L. McCarthy: Grain Size and Its Influence on the Manufacture of Steel Wire. 
Iron Age (Oct. 10 and 17, 1935). 
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Table 5. — Effect of Cold Drawing upon Coarsening Temperature 


Diameter, In. 

Area, In. 

Reduction, 
Per Cent 

Rockwell B 
Hardness 

Coarsening 
Temperature, 
Deg. F. 

Time, Hr. 

0.361 

0.1023 


91.8 

1700 

4 

0.330 

0.0855 

16.5 

99.3 

1650 

4 

0.296 

0.0642 

37.3 

102.6 

1600 

8 

0.268 

0 0564 

44.8 

103.4 

1600 

4 

0.239 

0.0448 

56.3 

103.6 

1500 

16 

0.210 

0.0346 

66.2 

106.3 



0.181 

0.0257 

74.8 

107.1 




of hot or cold mechanical deformation and the inherent characteristics 
of the melt, which determines the austenitic grain vsize after the 
standard McQuaid-Ehn carburizing treatment. 

In view of these results, it is recommended that the actual service 
conditions to which the material is to be subjected must be fully con- 
sidered before a, definite austenite grain-size range, as determined by the 
McQuaid-Ehn test, is specified. An austenite grain-size rating, if used 
and interpreted intelligently and with the proper precautions, can be 
made into a valuable test method — both by the steelmaker and consumer 
— to ascertain, check and compare the uniformity of various steels at 
definite stages during the processing of the material. But it is obvious 
that any variations and differences in the austenite grain size, which may 
be observed in the partly processed or finished-processed stock, are not 
necessarily inherent characteristics of the melt. 
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\ . DISCUSSION 

{Francis B, Foley presiding) 

A. Satjveuk,* Cambridge, Mass, (written discussion). — A great deal has been 
written recently in regard to what have been termed the “inherent grain size” and 
“inherent characteristics'' of steel. While one may wonder w^hether the importance 
of the subject has not been exaggerated by some, we should be indebted to the authors 
of this paper for calling our attention to the possible influence of the prior microstruc- 
ture on the austenitic grain size as determined, for instance, by the well-known 


Professor of Metallurgy, Harvard University. 
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McQuaid-Ehn method. The authors report that, starting with steel that has been 
made martensitic by suitable quenching, the resulting austenitic grain size as ascer- 
tained by the McQuaid-Ehn test is smaller than if the steel had previously been made 
pearlitic or had been spheroidized, from which it would follow that in order to obtain 
accurately comparable results by that test, care should be taken to impart the same 
microstructure to all samples, conveniently the pearlitic structure. We naturally 
seek an explanation for this apparent influence of the prior microstructure. It is 
generally helpful to go back to fundamentals. All carbon steels, regardless of the 
thermal or mechanical treatments to which they may have been subjected, are aggre- 
gates of two constituents only; namely, alpha iron, which may contain a little carbon 
in solid solution, and cementite, leaving out of consideration a small amount of aus- 
tenite that may be present in quenched steel. If the physical properties differ so 
greatly, it is due solely to the size of the alpha (ferrite) grains and the particle size of 
the cementite. In the martensitic condition there is minimum grain size of the alpha 
iron and minimum size of the cementite particles, hence maximum hardness. This 
condition I believe to be due to instantaneous aging in the quenching bath when the 
solvent gamma iron capable of retaining over one per cent carbon in solid solution is 
converted into alpha iron practically unable to retain any carbon in solution. It is 
a case of excessive supersaturation of the alpha iron followed by the immediate pre- 
cipitation of the cementite in submicroscopic dimensions. In the pearlitic condition, 
still more so in the spheroidized condition, there are maximum grain size of alpha iron 
and maximum size of the cementite particles, hence maximum softness. 

Let us now consider steel that has been made martensitic and the same steel in 
the pearlitic condition, both subjected to the McQuaid-Ehn test. After holding 
those samples at 926° C. (1700° F.) for 8 hr., we might reasonably expect that they 
would behave in the same way, both samples being converted into 100 per cent aus- 
tenite, and we wonder why the steel originally pearlitic should have a larger austenitic 
grain. Does not this possibly indicate a relation between the original size of the 
alpha grain and the size of the resulting austenitic grain ? A large alpha-grain struc- 
ture, such as is present in pearlitic steel or to a greater degree in spheroidized steel, 
would result in a larger austenitic grain as found by the authors, while the extremely 
small size of the alpha grains in martensitic steel would result in smaller austenitic 
grains. If we knew more about the mechanism by which one or several alpha grains 
are converted into one or more austenitic grains, we could speak with greater assurance. 
It does not appear to me unwarranted, however, to conceive the possibihty that when 
a mass of small alpha grains is converted into austenite the resulting austenite grains 
will be smaller than those resulting from the transformation of a mass of large alpha 
grains. The boundaries between alpha grains, more numerous in the first instance, 
may play a part in the mechanism of the allotropic. transformation. 

I was greatly interested in the results obtained by the authors in subjecting to 
the McQuaid-Ehn test a steel bar that had been cold-formed by bending (Fig. 20). 
Clearly carbonizing had taken place critically, precisely at those portions of the bar 
where we would expect maximum grain growth on reheating below the thermal critical 
range. Since, however, this bar was heated for 8 hr. at 950° C., we may well ask how 
grain growth could possibly affect the carbonizing. I venture the following explana- 
tion, while not unmindful of its somewhat speculative character: By cold-bending the 
bar, some portions of it were placed in a proper condition for grain growth to occur 
at a suitable temperature below the critical range. Such temperature was necessarily 
attained, as the bar was heated from room temperature to the carbonizing tempera- 
ture, and grain growth did take place, although for lack of time at the proper tempera- 
ture, the growth must remain very slight. It was sufficient, however, to exert an 
action during the carbonizing" operation. In those portions the austenite grains were 
larger because they resulted from the allotropic transformation of larger alpha grains. 
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Larger austenite grains in turn permit the introduction of carbon in casehardening 
more readily than small grains, hence the results reported by the authors. 

It should be added that in a slightly hypereutectoid steel such as the authors used 
grain growth after cold-work deformation cannot be very marked. Indeed, it is 
probably too slight to be readily detected under the microscope. It may be sufficient, 
however, and apparently is sufficient, to cause a greater carbon absorption during 
the case-carburizing operation. 

E. C. Bain,* New York, N. Y. — ^The authors deserve high commendation for 
collecting and presenting the many pertinent data relating to grain size in steel. Some 
of these data are unusual and therefore of particular interest. We wish to make only 
one general suggestion, and that relates to the occasional use of the word ‘inherent'' 
as qualifying grain size. So far as we are aware a specimen of carbon or low-alloy 
steel has an austenitic grain size only when heated to a temperature establishing the 
austenitic solid solution. This grain size may be estimated in the structure subse- 
quently set up during cooling. Now, the austenitic grain size, even of this specimen, 
depends upon the temperature of heating, the rate of heating, and sometimes upon 
the duration of the heating. Thus the conditions of heating must be accurately 
defined if the grain size is to be stated significantly. 

Many factors influence the actual austenitic grain size established in the final 
heating of a steel article — ^the one grain size of paramount importance in relation to 
final properties. In a billet, for example, many of these factors have not yet come 
into play; hence the precise grain-growth ‘‘pattern’' of a rolled bar of steel is net as yet 
fully “bunt in” at the billet stage. With an ingot, especially, the subsequent opera- 
tions may often profoundly influence the austenitic grain size, which may later be 
established in a forged or machined part ready for the final cooling, especially if the 
heating temperature is in the range 1650° to 1750° F. 

To be sure, certain strong controlling tendencies, either towards early coarsening 
in heating or towards a reluctance to coarsen even a.t high temperature, are established 
in the molten steel and it is proper therefore to refer in such a broad way to heats, 
for example, inherently possessing a reluctance to coarsen; i.e., in brief, an “inherently 
fine-grained type of steel.” To speak, however, of an “inherent grain size” appears 
to be essentially inaccurate and probably misleading. It would appear vastly more 
useful to decide which grain size is significant, and therefore to be mentioned, and to 
define its conditions of establishment, than to seek to refer to an improbable “inherent” 
grain size. 

C. S. Barrett, t Pittsburgh, Pa. — ^There are two possible methods that might be 
added to the authors' list for determining austenite grain size, for the sake of complete- 
ness: (1) the X-ray diffraction pattern made at elevated temperatures, and (2) the 
electron microscope operating at temperature — a microscope in which electrons 
are refracted by magnetic or electric lenses much as light is refracted in the ordi- 
nary microscope. 

E. E. Thtjm,! Cleveland, Ohio. — I should like to raise one word- of caution. All 
these are surface conditions and it does not altpgether follow that the condition 
existing at the surface also exists to any great depth. Most of the surface methods, 
of course, have that objection. 

R. ScHEMPP. — Professor Sauveur has brought out the point that possibly the keep- 
ing of the material at some critical temperature for longer or shorter periods of time 

* Metallurgist, U.S, Steel Corporation. 

t Physicist, Metals Research Laboratory, Carnegie Institute of Technology. 

t Editor, Metal Progress. 
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may influence the final grain size, and this may be an answer to the critical range and 
critical grain growth we have noted as occurring on certain spots in the specimen 
under consideration. 

As to the various other means mentioned for the determination of the austenitic 
grain size at varying temperatures, we believe that these methods are probably good 
for some of us who are fortunate enough to have the necessary laboratory equip- 
ment available. However, in general, I have to confess that I am not very familiar 
with these methods, which will probably never come within the reach of the aver- 
age metallurgist. 

In answer to Mr. Baines remarks on controlling grain size and inherent charac- 
teristics, although the word inherent’^ is being used a great deal and often in the 
wrong sense, steel nevertheless still has something inherent in it, whether we call it 
grain size or by any other name. In regard to the factors that influence the austenitic 
grain size in the final heating of any steel specimen, the results of this paper are in 
complete agreement with Mr. Baines discussion, and illustrate that the subsequent 
operations may either accentuate or diminish the austenitic grain-size rating of the 
ingot or billet material, 

F. B. Foley, * Philadelphia, Pa. — The point is well taken that steels have inherent 
characteristics which, for a given set of conditions, influence results regardless of 
apparent identity of chemical composition. 


* Superintendent of Research, The Midvale Co. 



Constitution of High-purity Iron-carbon Alloys 

By Robert F. Mehl* and Cyril Wells, t Members A.I.M.E. 

(New York Meeting, February, 1937) 

The purpose of this investigation was to prepare high-purity iron- 
carbon alloys, to determine as precisely as possible the A 3 (G 0 S), the 
Aca,(SE), and the Ai(PSK) transformation temperatures in the meta- 
stable iron-iron carbide system (up to 1.4 per cent C), and to study the 
influence of carefully controlled and constant rates of heating and cooling 
(3^ to 2 ° C. per minute) upon the transformation temperature and upon 
the resulting microstructure. Apart from the general metallurgical 
importance attending the completion of such a task, it will be noted that 
highly precise transformation temperatures are of interest and importance 
in the thermodynamic study of this system ^ 

Several determinations of the iron-iron carbide diagram have been 
made^. These suffer generally from the low purity of the alloys used, 
and from the application of methods of investigation of low sensitivity. 
Attempts to compare and weight the many data available in an effort 
to construct as accurate a diagram as possible have, in the main, been 
unsuccessful. In general, the wide differences in the results of different 
workers, the lack of complete analytical data, the omission of important 
details relating to the heat-treatment of the aUoys, and the meager 
description of the methods of investigation applied, render such a process 
of averaging nearly meaningless. It may be seen from the summaries by 
Epstein^ and Korber and Oelsen^ that variations as great as 30° C. exist 
in the reported data on the A 3 temperatures in iron-carbon alloys. For- 
tunately, the As temperature in pure iron is now known to be 910° C. 
± 1° C.^ The best recent work on iron-carbon alloys is that of Esser^ on 
hypoeutectoid steels and that of Sato® on both hypoeutectoid and hyper- 
eutectoid steels. 

Esser made a dilatometric and magnetic study of iron and iron-carbon 
alloys containing 0.06 to 0.86 per cent C, for which a high purity is 
claimed. Presumably the electrolytic iron was reasonably pure, but the 
alloys contained considerable impurities, on the average totaling 0.35 per 


Manuscript received at the office of the Institute Dec. 1, 1936. 

* Director, Metals Research Laboratory, and Head, Department of MetaUurgy, 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania, 
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cent, including silicon, manganese, phosphorus, nickel, chromium and 
copper. Esser's dilatometric curves are excellent and show that the 
temperature gradient in the specimen during heating and cooling was 
unusually low, as evidenced by the fact that the Acs and Ars transforma- 
tions in the iron and the Aci and Ari in the iron-carbon alloys used begin 
and end at the same temperature within 1° or 2® C. Unfortunately, 
however, Esser did not quote the rate of heating and cooling employed 
and evidently used only one rate, so that it is impossible to use his data 
in approximating the equilibrium temperatures. 

According to Esser the eutectoid composition of iron-carbon alloys is 
at 0.86 per cent C, independent of the rate of heating and cooling. 
Upton® on the other hand believes that Esser’s conclusigns are incorrect; 
after studying Sato^s data® Upton concludes that steels cooled at any 
practical rate have always a range of carbon composition within which 
the structure is completely pearlitic, and that this range of carbon com- 
position increases as the rate of cooling is increased. 

Sato, like Esser, used a fairly pure iron and prepared rather impure 
iron-carbon alloys. The total impurity in Sato's alloys increased with 
carbon content; the 1.55 per cent C alloy had 0.28 per cent of impurities 
of which 0.14 per cent was silicon. Analyses were made for only silicon, 
manganese, phosphorus, sulphur and copper. Like Esser, Sato used the 
dilatometric and magnetic methods of investigation. The dilatometric 
curves obtained are inferior to Esser's, for they show considerable evi- 
dence of the presence of a temperature gradient in the specimens during 
heating and cooling which must have led to errors of several degrees in 
approximating the equilibrium temperatures.* Sato, however, deter- 
mined the critical equilibrium temperature by extrapolation from 
temperature points obtained at several different rates of heating and of 
cooling, thus also furnishing data on the degree of superheating and of 
supercooling at the different rates used. Of the five rates used in the 
study of hypoeutectoid alloys only two — 5^ C. and 0.5® C. per minute — 
were constant. In other cases only average rates may be read from the 
heating and cooling curves; the 10® C. per minute rate was fairly constant, 
but the others varied considerably. The rates used in the study of hyper- 
eutectoid alloys were more specific: 20®, 10® and 2® for both heating and 
cooling. We shall see later that all these rates are too rapid for accurate 
work, for the degrees of superheating and undercooling are so great that 
extreme extrapolation is needed to approximate the equilibrium tempera- 
tures — ^the temperatures for iero rate. 

Sato found the Aci temperatures to be practically the same in hypo- 
eutectoid alloys at the respective rates of heating, whatever the carbon 

* A discussion of the .probable error caused by temperature gradients in Sato's 
high-punty iron specimens has been given previously. It is probable that the errors 
are of about the same magnitude in his irpn-carbon alloy data (5® C. or so). 
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content: 728^ C. at 0.5*^ C. per minute, 735° C. at 5° C. per minute, and 
750° C. at 90° C. per minute. On cooling, however, the Ari temperature 
was found to be lower at lower carbon contents at a given rate of cooling. 
Since Esser’s data agree well with Sato’s taken at 5° C. per minute, we 
may assume Esser’s rate must have had approximately this value. 

Sato published several constitution diagrams representing the trans- 
formation temperatures at different rates of heating and cooling. These 
seem to show that the eutectoid composition is but little affected by the 
rate of heating, but considerably affected by the rate of cooling. 

Sato used a linear rate-temperature scale, plotting the rates of heating 
to one side of a zero rate line and the rates of cooling to the other, and 
obtained the equilibrium temperatures by graphically determining the 
temperature at zero rate. Yap^ proposed using a log rate-log tempera- 
ture plot, while Upton® contended that better extrapolation could be 
obtained by plotting the cube root of the rate against temperature. 
These different graphical methods gave results differing by an average of 
10°. There is no good reason to select one of these methods in preference 
to another, though Sato’s method is least desirable, and accordingly the 
extrapolated results remain of uncertain validity. 

The results of Sato’s magnetic studies, like those of Esser, show the 
magnetic change on heating to be complete at about 775°, and the change 
to be wholly reversible, without hysteresis. He noted that Ao magnetic 
change in FesC, in alloys with as little as 0.12 per cent C, to occur at 
about 200°. Sato found no evidence for a magnetic change in eutectoid 
and hypereutectoid alloys, at temperatures above the eutectoid, though 
it is believed by some Japanese workers that the Curie point extends 
into the austenite field and constitution diagrams have even been 
published showing this. 

Preparation and Analysis of High-purity Iron-carbon Alloys 

Of the methods available for the preparation of high-purity iron- 
carbon alloys from the high-purity iron previously prepared®, that of gas 
carburization was chosen chiefly because it was found possible to prepare 
alloys of any desired carbon composition by a suitable selection of 
carburizing gas and carburization temperature which showed a high 
degree of homogeneity in the as-carburized condition. Furthermore, 
this method introduces the very minimum of impurities; aU melting 
practices suffer from manifold opportunities of contamination from cruci- 
ble, flux, and atmosphere.* Pieces of hydrogen-purified carbonyl iron, 

* In connection with the preparation of pure alloys by carburization, the work on 
the equihbria between hydrogen-methane mixtures and gamma iron as summarized 
by Schenck® was of great value. This work indicates that high hydrogen-hydrocarbon 
gas ratios are necessary if carburization is simultaneously to be accompanied by rapid 
homogenization. Schenck states that an austenite containing 0.4 per cent C is in 
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2 by IH by in., prepared as described previously^ (analyses given in 
Table 1) was carburized in dipentene-bydrogen or dipentene-benzene 
(sulphur-f ree)-hydrogen mixtures at various temperatures between 850° C. 
and 1100° C. for various time periods between 24 and 100 hr., depending 
upon the carbon content of the alloy desired. The apparatus used for 
the carburization is shown in Fig. 1. An Armco iron tube Q, which had 
previously been thoroughly purified by long treatment in hydrogen at 
elevated temperatures (hydrogen was passed through the tube for 250 hr. 
at 1100° C.) served as the carburizing chamber. This tube was sur- 
rounded by a heat-resisting tube N (20 per cent Ni, 20 per cent Cr, 1 per 
cent Si, balance Fe) supported in a Globar furnace. These two tubes 
were brazed together at one end and through a thin-walled iron expansion 


A. 

B. 

C. 

D. 

E. 

F. 
6 . 
H. 

L 



Fig. 1. — Carburizing apparatus. 


Hydrogen inlet. 

Hydrocarbon. 

Water at controlled temperature (±3® 

C.). 

Dewar flask. 

Absorbent cotton. 

Three-way stopcock for reversing gas flow. 
Inlet or outlet of gas to or from furnace. 
Gas outlet (when gas flow is right to 
left). 

Radiation screen. 


Hydrogen inlet. 

K. Glass tube conveying hydrogen to 
enter furnace tube from right. 

L. Globar furnace. 

M. Specimen. 

N. Heat-resisting tube. 

O. Chemically pure magnesia tube. 

P. Hydrogen outlet. 

Q. Armco iron tube. 

R. Gas outlet, when gas flow is left 
to right. 


diaphragm at the other. The rubber tubing and the rubber stoppers used 
were sulphur-free. The iron sample M was suspended by fine high-purity 
iron wires from a chemically pure magnesia tube 0. The purity of this 
tube is highly important: traces of silica in the presence of hydrogen are 
readily reduced and silicon transferred to the sample; no trace of silicon 
pickup in the sample could be observed in these experiments. The ends 
of the tube Q were protected from excessive heating by radiation screens L 
Hydrogen was passed between tubes Q and N during the carburizing 
treatment, to prevent contamination and to prolong the life of the tubes. 
Hydrogen was passed through the liquid hydrocarbon B at a rate of 1 cu. 
ft. per hour; the liquid hydrocarbon was maintained at an approximately 
constant temperature (±3'^ over a 12-hr. period) by a water jacket C 
in a Dewar flask D. The hydrogen-hydrocarbon mixture was first passed 

equilibrium at 1025® with methane at a partial pressure of 3.5 mm. The hydrocar- 
bons used were selected to give a vapor pressure in this neighborhood in the tem- 
perature range 0° to 35® in the hydrocarbon saturator. Dipentene and mixtures of 
dipentene-benzene were finally selected as most useful. 
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through absorbent cotton Ey then over the sample ikf, and finally out of 
the apparatus through water R. The direction of gas flow was reversed 
every 12 hr. To increase the hydrocarbon-hydrogen ratio, and thus to 
increase the carbon content of the alloy, the temperature of the liquid 
hydrocarbon saturator was raised, and vice versa. Liquid hydrocarbon 
temperatures as low as 0° C. and as high as 36° C. were employed in 
preparing the higher carbon alloys. For preparing alloys with 0.1 to 
0.4 per cent C, dipentene was the only hydrocarbon used, with the carbu- 
rization time varying between 24 and 50 hr. For higher carbon alloys 
dipentene-benzene mixtures (1 to 3 c.c. of benzene per 30 c.c. of dipentene) 
were employed, and the average time period increased to 75 hr.* In 
preparing alloys with 0.90 to 1.4 per cent C, a lower carburizing tempera- 
ture was chosen, and the percentage of benzene in the liquid hydrocarbon 
increased; in order to rectify losses, 3 c.c. of benzene was added to the 
dipentene every 12 hr. For alloys from 0.9 to 1.0 per cent C the carbu- 
rizing temperature was 850°; for alloys from 1.0 to 1.1 per cent C the 
carburizing temperature was 900°; for alloys from 1.2 to 1,4 per cent 
the carburizing temperature was 1000°; the temperature of the liquid 
hydrocarbon was maintained at 36° throughout. 


Table 1. — Chemical Analyses of Iron Used for Carhurization^ 


Impurity 

Number of Iron 

Impurity 

Number of Iron 

1 

3 

1 

3 

Cu 

0.0033 

0.0012 

Mo 



Ni 

0.0054 

0.0068 

C 

0.0012 1 

0.0018 

S 

0.00013 

0.00005 

P 


<0.005 

Si 

0.002 

0.002 

O 2 


0.002 

Sn 


<0.001 

N 2 


0.003 

Mn 

<0.004 

<0.004 

H 2 


0.0005 

Cr 

<0.0005 

<0.0005 





“ Spectroscopic analyses showed presence of traces of Cu, Ni, Si, Sn, Mn, Cr and Mo. 


Thus, the hypoeutectoid alloys were prepared by carburizing in proper 
gas mixtures until the concentration of carbon in the alloy in equilibrium 
with the gas mixture was reached; for this reason the alloys were homo- 
geneous as carburized. The hypereutectoid alloys, on the other hand, 
were carburized in gas mixtures the compositions of which were not care- 
fully controlled but which possessed the minimum percentage of hydro- 
carbon to saturate the iron along the line at the carburization 
temperatures chosen; these alloys, therefore, should be and were homoge- 

* After several carburizing experiments much carbon was found deposited in tube 
Q; in the vicinity of the hottest part, the tube itself was naturally found to be highly 
carburized. With such a tube it was unnecessary to add benzene to the hydrocarbon 
in preparing alloys with carbon as high as 0.80 per cent. 
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neous as carburized. The homogeneity of the full range of alloys may be 
judged from the typical microstructures shown in Figs. 2 to 5; it will be 
shown later that the dilatometric results gave additional evidence of 
homogeneity. When, as in a few instances, the alloys were not homo- 
geneous as carburized, owing to failure in control, homogenizing treat- 
ments were employed (Fig. 6).* 

The analyses of the alloys prepared and used are given in Table 2. 
Some 60 alloys in all were made, but only those that had been analyzed 
and used in determining critical temperatures are reported in Table 2. 



Fig. 2. Fig. 3. 


Fig. 2. — Alloy 0.20 per cent C. Showing uniform distribution of carbon 

DURING CARBURIZATION AND ALSO LARGE CARBIDE MASSES FORMED ON COOLING. 

Carburized in a hydrogen-dipen tene mixture for 46 hr. at 1100® C. Cooled in 
carburizing furnace at 1® C. per minute. Etched with sodium picrate. 

Fig. 3. — ^Alloy 0.20 per cent C. Showing uniform distribution of carbon at 

^ EDGE OF SPECIMEN DURING CARBURIZATION. 

Original magnification 250; reduced in reproduction. 

The specimens marked D in the table were taken after use in procuring 
dilatometric curves for the purpose of ascertaining any contamination 
that might have occurred. Copper, nickel and silicon were determined, 
for copper and nickel might be picked up from Monel metal parts adjacent 
to the specimen in the dilatometer, and silicon might have been trans- 
ferred to the saraple from silica parts. Lathe turnings from specimens 
F19, F20 and F21 (not shown in this table) were mixed and analysis 
performed on the mixture. The amount of copper pickup could be 
detected both chemically and spectroscopically, but amounted to only 
0.003 per cent. No pickup of nickel or silicon could be detected. With 
the exception of samples FlO and F20, used for the analysis of nickel, 


* A chemical control on homogeneity was applied using Eggertz^ colorimetric 
method for carbon. Filings taken from a 0.01-in, surface layer, and filings from the 
interior of the specimen invariably gave the same carbon content, within the limits of 
accuracy of the method, which is ±0.03 per cent C. 
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silicon and copper, the carbon analyses on alloys with less than 0.80 per 
cent C were performed on the specimen after the dilatometric studies; 
for the two exceptions, carbon analyses were performed on sections of the 
carburized specimen adjacent to the piece used for dilatometry. 



Standard chemical methods were used throughout. In the spectro- 
scopic work, iron No. 3 (Table 1) was used as a comparison standard in 
order particularly to study contamination during carburization and dur- 
ing the dilatometric work. No detectable pickup of any element — except 
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Table 2. — Chemical Analyses of Iron-carion Alloys 



D indicates samples for analysis taken after specimens had been used in dilatom- 
eter; the duplicate C analyses for the two specimens F38 and F36 were taken from 
different parts of the single carburized pieces, thus demonstrating the uniformity of 
C distribution. 

copper, as stated — could be detected spectroscopically* in specimens that 
had been used in the dilatometer, or which had been heat-treated and 
quenched as noted below. Study was made of the spectral lines for 
nickel, silicon, tin, manganese, chromium, copper and molybdenum. 
The following alloys were studied spectroscopically: F14, F20, F21, F36, 
F38, F57; F19, F20, F21 and F57 were from dilatometric experiments 
and F36 and F38 were alloys used in the microscopic determination of 
the line. 

Some hydrogen no doubt was present in the alloys as prepared, but 
since identical results were observed between comparable first and final 
tests in each series, it is concluded that the amount remaining after the 
vacuum treatment in the first test was insufficient to affect the results. 
Any hydrogen remaining after the first test would be further reduced by 
the vacuum treatments in subsequent tests. 


* A Hilger quartz spectrograph, type E, was used for the spectroscopic wotk. 
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Methods Used 

The differential dilatometric method of investigation was used in the 
determination of the As and Ai temperatures and in the study of the 
influence of rate of heating and cooling on A^^ temperatures. Its use 
for the determination of the line proved to be very limited, and the 
method of studying structural changes by the microscope after prolonged 
heat-treatments proved to be much more satisfactory. Thermomagnetic 
and thermal methods were also used, but their utility is much inferior 
to the dilatometric method. 



Fig. 7. — Typical diepbrential dilatometrio-temperaturb cooling curve. 
Original curve; not traced. Alloy 0.457 per cent C. Rate op cooling 
2® C. PER minute. 

Dilatometric and Thermal Methods , — A detailed description of the 
precision recording differential dilatometer used in this study has been 
given. The specimens, 1 by % by in., were heated in a vacuum suflGl- 
ciently high (about 1 micron) to prevent decarburization. The dila- 
tometric data obtained are good to ±V C. To secure this precision, it 
is necessary to test the behavior of the instrument very carefully from 
time to time and to pay particular attention to thermometry.* Tem- 
perature gradients within the specimen were measured from time to time 
during heating and cooling and these, if greater than 0.5° C. between the 
specimen ends, were reduced by a proper adjustment of separate heating 

* The precautions taken in making calibrations were identical with those described 
before. 
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Fig. 8 . — T t p i c a l differential 

DILATOMETRIC-TEMPERATURE HEATING 
AND COOLING CURVE. ORIGINAL CURVE; 
NOT TRACED. AlLOT 0.972 PER CENT C. 
Rate of heating and cooling 2° C. per 

MINUTE. 


currents passing through independ- 
ent furnace-heating elements. The 
omission of this important precau- 
tion by previous investigators has 
undoubtedly led to many erroneous 
dilatometric data. The dilato- 
metric curves are photographically 
recorded and have a very open scale. 
A change of length of one inch on 
the recorded curve represents an 
actual change of length in the 
specimen of 0.002 in. ; the tempera- 
ture scale is 30® C. per inch. Con- 
stant rates of heating and cooling 
of S'Jid 2® C. per minute, 

respectively, were obtained and 
maintained by means of telechron 
clocks attached to the furnace- 
temperature controller. Dilato- 
metric heating and cooling curves 
and the corresponding thermal 
curves were obtained simultaneously 
by the method previously described 
and are strictly comparable. 

A typical differential dilato- 
metric cooling curve of a hypoeu- 
tectoid steel (0.46 per cent C) is 
reproduced in Fig.'' 7 without reduc- 
tion, and typical heating and cooling 
dilatometric curves of a hypereu- 
tectoid steel (0.97 per cent C) are 
reproduced in Fig. 8 without reduc- 
tion. The rate of heating and cool- 
ing was 2® C. per minute in each 
case. The other dilatometric curves 
given in this paper are tracings of 
the original curves, employed to 
assist in reproduction. The vertical 
lines (719® and 780® C. in Fig. 7, and 
720® and 780® C. in Fig. 8) represent 
temperatures correct within C. 
Dimensional changes of the photo- 
graphic paper during"', developing, 
washing and drying can be measured 
and corrections readily made with 
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Magnetic Analyses . — ^The apparatus used for the thermomagnetic 
studies consisted primarily of a suitable furnace, evacuating system, 
magnetizing coil, search coil, compensating coil, and ballistic galvanom- 
eter. The magnetizing coil was 18 in. long and in. in diameter and 
had 1869 turns of copper wire wound on a w^ater-cooled brass tube. The 
search coil was wound around the specimen (1 by by in.) but insu- 



lated from it. The search coil and compensating coil were placed in close 
proximity in the furnace. By using the compensating coil no galvanom- 
eter throw occurred when the magnetizing field was reversed and when 
a nonmagnetic material was used. In most of the tests the magnetizing 
force was maintained constant at about 100 gilberts per centimeter 
(given by a current of 2 amp. through the magnetizing coil), though in 
some tests higher and lower values were used. Demagnetization of the 
specimen from the relative shortness of the specimen undoubtedly caused 
the effective field strength to be considerably below the impressed magnet- 
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izing force of 100 gilberts per centimeter, but since the primary point of 
interest was the temperature of magnetic change and not a determination 
of magnetic constants, this factor was not seriously considered. Speci- 
mens were heated and cooled at 2° C. per minute in all tests, except when 
the influence of the magnetizing force H on the degree of magnetic satura- 
tion of iron at a fixed temperature was studied. The deflections resulting 
from a reversal of magnetizing currents are measured on a circular scale 
and reported in centimeters. These are proportional to the magnetic 
flux in the specimen. Adjustments were made so that deflections of about 
15 cm. were obtained for fully magnetic iron or iron-carbon specimens. 



Fig. 10. — Alloy 0.95 per cent C. Shows evidence op carbide, which persisted 

DURING HEAT-TREATMENT. 

Heated to 787® C. for 20 hr. and quenched in oil. Center of piece. Etched with 
sodium picrate. 

Fig. 11. — Alloy 0.95 per cent C. This, with Fig. 10, shows absence op dbcar- 

BURIZATION at SURFACE AND PRESENCE OF UNDISSOLYED CARBIDE NEAR SURFACE. 

^Heated to 787° C. for 20 hr. and quenched in oil. Etched with sodium picrate. 
Original magnification 2000; reduced in reproduction. 


Comparison of Methods Used, — K comparison of thermomagnetic, 
differential dilatometric and thermal curves is given in Fig. 9, curves A, 
B and C, respectively. In each case the steel was a 0.77 per cent C 
alloy, and the rate of heating and cooling 2° C. per minute. The Aci 
and Ari temperatures are apparently equally well determined by any 
one of these three methods. The thermal method as used in this investi- 
gation was not sufficiently sensitive to determine the Aca and Ars trans- 
formations at any of the rates used, and of little use in determining the 
Aci and Ari temperatures at the slowest rate, C. per minute. 

The differential dilatometric method proved to be excellent for deter- 
mining the influence of rate of heating and cooling (3^®, 3-^° and 2° C. per 
minute) on the Acs and Ars temperatures in alloys up to 0.70 per cent C, 
and on the temperatures of the Aci and Ari transformations throughout 
the whole carbon range. In this respect the dilatometric method has a 
wider application than the thermomagnetic method. 
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The anomalous length changes shown on the differential dilatometric 
curves immediately following the Aci transformation on heating and the 
Ari transformation on cooling require particular mention: these are 
caused by the temperature arrest in the specimen at the transformation. 
This arrest sets up a temperature difference between the specimen and 
the comparison pieces, which are composed of an iron-silicon alloy with 
4 per cent Si and thus possess no transformation in the temperature range 
studied and thus also no arrest. This arrest is therefore equivalent to a 
contraction in the specimen on heating (Fig. 9, curves B-HI) and an 



Fig. 12. Fig. 13. 

Fig. 12. — Allot 1.01 pee cent C. Showing proetjtectoid carbides at grain 

BOUNDARIES. 

Heated at 1050® C. for IK hr. and cooled at 10° C. per minute. Center of piece. 
Compare with Fig. 13. Etched with sodium picrate. 

Fig. 13. — Alloy 1.01 per cent 0. Shows absence op decarburization at sur- 
face. Microstructurb identical with that in Fig. 12. 

Heated at 1050° C. for IK hr. and cooled at 10° C. per minute. Etched with 
sodium picrate. 

Original magnification 2000; reduced K in reproduction. 

expansion on cooling (Fig. 9, curves B-DE). This explanation is con- 
firmed by the thermal curves, which show the anomaly to disappear when 
the thermal arrest is completed (as shown by a comparison of the dila- 
tometric curves B with the thermal curve C, Fig. 9). This anomaly is 
thus an inevitable accompaniment of any differential method. The 
thermomagnetic method does not exhibit the anomaly; this method is suit- 
able for determining the Acs temperatures just above the Aci temperature. 

Microscopic Determination of — ^The A^n, temperatures were deter- 
mined by annealing experiments conducted at about 5° intervals, followed 
by quenching and microscopic observation of the presence or absence of 
undissolved FesC. With good temperature control, this method proved 
highly sensitive, as may be seen in Figs. 10 and 11. The total volume of 
carbide undissolved in the 0.95 per cent C alloy at 787° C. after 20 hr. 
annealing is extremely small, showing that this temperature is very close 
to the A^^ temperature. In conducting this work, the specimens were 
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supported on chemically pure magnesia to avoid contamination and 
annealing was conducted in a high vacuum (about 1 micron) in order to 



TEMPERATURE °C 

Fig. 14, — Copt op typical time-temperature record drawn by temperature 

RECORDER. 

Shows accuracy of temperature control and rapidity of quenching in tests used for 
the determination of the Acm line. 

avoid decarburijzation, a procedure which was successful, as may be seen 
in Figs. 12 and 13. The temperature was held constant to within ± 1° C. 



TEMPERATURE t* 

Fig. 15. — Dipperential dilatometric-temperature curves. 

^ Showing reproducibility of results, and showing also absence of changes in composi- 
tion (decarburization) during tests. Alloy 0.43 per cent C. Heating and cooling 
rates 2° C. per minute. 

for several hours and then the specimen was rapidly quenched. Fig. 14 
shows a temperature record of the quenching operation as given by the 
temperature recorder. 
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Results 

Factors Affecting Accuracy of Data 

Preliminary tests were performed to determine whether or not the 
vacuum used was adequate to prevent decarburization; no trace of decar- 
burization could be discovered in the specimen even after heating to high 
temperatures and cooling several times. This is shown in Fig. 15 for an 
alloy with 0.43 per cent C, which had received a rather severe heat-treat- 
ment in the dilatometer; the upper 
curve shows the first dilatometric 
curve taken, and the lower curve 
that taken after the specimen had 
been heated to 870° and cooled 
several times and had been held 
at 870° for several hours. The 
upper and lower curves give a com- 
mon value for the Acs temperature, 
namely 791° C., and for the Ars 
temperature, namely 751°. 

Decarburization would have altered 
these temperatures; a total change Fig. IG.—Allot 0.77 per cent C. Show- 

of 0.005 per cent C would have ma absence op decarburization. 

% Microstructure folio wmg dilatometric 

changed these temperatures by test after heating alloy at 875® C. f or hr. 
1° C., and we may thus conclude aad cooling at . 4 ° C. per minute. IBtched 

that any loss of carbon must have Original magnification 250; reduced 
been inferior to this. An alloy of ^ reproduction, 

approximately eutectoid composition, 0.77 per cent C, remained 
eutectoid throughout after having been annealed at 875° for 33^ hr. 
(Fig. 16). 

A study of graphitization in the alloys used has been made and will 
be the subject of a subsequent paper. The conditions that cause graphit- 
ization have been avoided in determination of the data given here. 

The homogeneity of the as-carburized alloys may be seen from curves 
C and D in Fig. 22. These two curves were made on two samples cut 
from a single carburized piece; the curves show the A.%^ temperatures 
to be identical, namely 815°, within ±2°. Since the A^^ temperature 
is changed by 4° by a change in carbon content of 0.01 per cent, the two 
specimens must have had the same carbon content within ±0.005 per 
cent. The homogeneity of the alloys is also shown by the fact that a 
relatively short preliminary heat-treatment (1 hr. at 860° for alloys 
between 0.2 and 1.0 per cent C) sufficed to render the alloys homoge- 
neous enough to give the maximum attainable sensitivity on the dilato- 
metric curves. 

The curves given in Fig. 17 show that the break in the dilatometric 
curve at the Acs and Ars temperatures is much more sharply defined at 
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the slower rates of heating and cooling and that these transformation tem- 
peratures are therefore much more accurately determined at the slower 
rates. This is a fortunate circumstance, since the temperatures 
observed at the slowest rates are the closest to the equilibrium tempera- 
tures, and the extrapolation to the equilibrium temperatures at zero rate 
is thus the more accurate. 

In a 0.31 per cent C alloy heated at 2° per minute, a difference of 6° 
is shown between the Acs temperature (vertical arrow, curve A, Fig. 17) 
and the point of intersection of the dotted lines; at the rate this differ- 



740 620 

TEMPERATURE 


ence is 3° (curve B); at the rate the 
difference is 1® or less (curve C). On cool- 
ing, an entirely analogous behavior is 
noted, curves F and G. After this alloy 
was cooled at the slowest rate, 3^® per 
minute, a heating curve registered a 
much higher Aca temperature (828®. See 



Fig. 17. 


Fig. 18. 


Fig. 17. — Differential dilatometric-tbmpbraturb curves. Alloy 0.31 per 

CENT C. 

Showing that accuracy in determination depends on rates of heating and cooling. 

Cttbvb Rate of Heating Cubve Rate op Heating 

A 2® C. per minute E 2® C. per minute 

B psr minute Rate of Cooling 

^ C). per minute F 2°C. per minute 

D 2® C. per minute G 0. per minute 

Fig. 18. — Differential dilatometric-temperaturb curves. Alloy 0.28 per 

CENT G. 

Showing reproducibility of results after heating alloy at 875° C. for 1 hr. Ars 
temperature indicated by both cooling curves A and B is 788° C. ( ± 1° C.). 

Curves A : alloy heated to 875° C. at 2° C. per minute, held at temperature 1 hr., 
and cooled to 760° 0. at 2° C. per minute. 

Curves B; alloy reheated to 875° C. at 2° C. per minute, held 1 hr. at 875° C., and 
cooled to 760° C. at 2° C. per minute. 

Curves C: alloy reheated to 875° C. at H° C. per minute, held at 875° C. 1 hr., and 
cooled at 5^° C. per minute. 


curve D and compare with curve A), and a greater temperature range 
between this temperature and the temperature indicated by the inter- 
section of the dotted curves. This effect originated in the relatively 
gross heterogeneity resulting from the preceding slow cooling. After 
holding at 870® for 1 hr. the alloy was restored to its original homogeneous 
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state, as shown by a comparison of curve E with curve A. The two Aca 
and the two Aci temperatures on curves E and A are identical within the 
experimental error, ±1°. 

The curves in Fig. 18 confirm the fact that annealing for 1 hr. at 
875® C. is sufficient to render the alloy homogeneous and subsequently 
to give consistent and reproducible data to within ±2®. After being 
carburized at 1100® C. and cooled in the carburizing furnace at the rate 
of 1® per minute, an alloy with 0.28 per cent C exhibited an austenitic 
grain size of one per square millimeter. This alloy was then heated in 
the dilatometer to 875® at the rate of 2° per minute and held there for 
1 hr. (which was known from a separate experiment to give a grain size 
of 10 grains per sq. mm.), then cooled through the Arg temperature at the 
same rate to 760®, reheated at the same rate to 875®, cooled again at the 
same rate to 760®, reheated again to 875® at a rate of per minute, and 
cooled to below the Arg temperature at a rate of 3^® per minute; thus 
the alloy had passed through the Ag temperature six times (Fig. 18). 
Curves A and B show the thermal treatment to have been adequate to 
give identical Arg temperatures; the differences in the critical tempera- 
tures in curve C show merely the effect of rate. For alloys between 0.2 
and 1.0 per cent C a heat-treatment consisting in an annealing at 875® 
for 1 hr. was therefore used between dilatometric experiments, for alloys 
of higher and of lower carbon contents higher annealing temperatures 
were used. 


Table 3 . — Grain Sizes Developed in Iron-carhon Alhys^ 


Alloy No. 

Carbon, Per Cent 

Treatment 

Average Number 
Grains per Sq. Mm. 

FI 

0.05 

1 hr. at 

900° C., quenched 

1. 

5 

F25 

0.15 

1 hr. at 

875° C., quenched 

10 

+ 3 

F26 

0.32 

1 hr. at 

875° C., quenched 

10 

± 3 

F42 

0.45 

1 hr. at 

875° C., quenched 

10 

± 3 

F39 

0.54 

1 hr. at 

875° C., quenched 

13 

± 3 

F30 

0.66 

1 hr. at 

875° C., quenched 

13 

± 3 

F45 

0.97 

1 hr. at 1000° C., quenched 

13 

± 3 

F36 

1.25 

1 hr. at 1000° C., quenched 

13 

± 3 


® High-purity iron specimens heated at 925® C. for a few minutes, and high-purity 
iron-carbon specimens (0.05 to 0.56 per cent C) heated at 1100° C. for 1 hr. developed 
very large grains (1 grain or less per sq. mm.). 


Table 3 lists the grain sizes developed in alloys of 0.2 to 0.7 per cent C 
on heating to 875® C. for 1 hr., of 0.05 per cent C on heating to 900® for 
1 hr., and of the 0.97 to 1.25 per cent C on heating to 1000® for 1 hr. 
Differences in grain size, affecting the reactivity of the alloys, would affect 
the degree of undercooling and of superheating and thus affect the trans- 
formation temperatures. The grain sizes noted, however, were in a 
range where this effect was too small to be of importance. 
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Dilatometric Results 

Figs. 19 to 22 give typical differential dilatometric curves and show the 
influence of carbon content and of the rates of heating and cooling on 
the Ai, As and A^^ transformation temperatures. 

In low-carbon alloys, in the neighborhood of 0.15 per cent C, 
heated and cooled at a rate of 2° per minute, the contraction that takes 
place at constant temperature at Aci on heating is considerably greater 
than the expansion at Ari on cooling. The reason for this is not known. 



Fig. 19. — ^Typical difpbbential dilatometbic-tempbeaturb cubveb op low- 

carbon ALLOY, 

Showing a greater contraction at Aci, than expansion at Ari. 

It may be that the carbon concentration of the residual austenite on 
cooling below the Ai temperature is increased by a loss of ferrite induced 
by an inoculating effect of the great masses of proeutectoid ferrite; it is 
possible that the solubilities of carbon in a-iron at the high Aci tempera- 
ture and the low Ati temperature are quite different and that this affects 
the relative volumes of the various constituents, but this possibility is 
difficult to appraise. The temperature spread in the Ari transformation 
is believed to be due to the insufficiency in the heat generated to maintain 
the temperature constant; the effect is not noted in higher carbon alloys. 

In a general way the cooling curves follow the course to be expected. 
At a 2° C. rate of cooling, as the temperature is decreased below the Ara 
temperature, the rate of a nuclei formation in the considerably under- 
cooled 7 solid solution rapidly increases and then decreases. At a slower 
rate, C. per minute, there is less undercooling below the As tempera- 
ture and there is sufficient time for the generation of nuclei and the crystal 
growth to keep up with the temperature change; i.e., the transformation 
more nearly approaches equilibrium. 

Apparently the temperatures of the Acs and Ars transformations are 
more affected by rate than those of the Aci and Ari transformations 
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(Fig. 20). By decreasing the rate from 2° to C. per minute, the 
temperature difference between Aca and Ars is decreased from about 50° 
to 18° C., while that between Aci and Ari is only decreased from 23° to 
14° C. The length of the specimen before and after test was not quite 



Fig. 20. — Dilatometric curves. 

Time-temperature cooling curves 4, showing no evidence of the Acs or Ara trans- 
formations in an alloy with 0.487 per cent C. 

Heating and coolmg rate, 2° C, per minute. 

Differential dilatometric-temperature curves J?, showing good agreement with 
curves A with respect to Aci and Ari temperatures. Rate of heating and cooling: 
2® C. per minute. 

Curves C and D, heating and cooling rates: 34° CJ* per minute and 3^° C. per 
miaute respectively. 

Curves B, C and D show influence of rate of heating and cooling on the As and Ai 
transformations. 

Curves B, showing results of study of attainment of equilibrium (see text). 

the same at temperatures below the transformations. These differences 
may be caused by experimental error, for the results were not reproducible 
in this respect — occasionally the length increased and occasionally 
decreased. In general, however, at the slower rates, and when the speci- 
men had been heated for long periods at high temperatures, the specimens 
were shorter after the completion of the tests. 
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The thermal curves A, Fig. 20, are comparable with the differential 
dilatometric curves 5. It is apparent that the Acs and Arg transforma- 
tion temperatures may be readily determined by the dilatometric method, 
but not by the thermal method. The two methods gave results which 
agree to ±1° C. for the Aci and the Ari temperatures. 



740 820 

TEMPERATURE X 

Fig. 21. — Typical differential dilatombtric-tbmperature curves for hypo- 

EUTBCTOED ALLOYS OF COMPOSITION CLOSE TO EUTECTOID COMPOSITION. 

Showing the influence of rate on the As and Ai transformations. 


Curves 

Heating and Cooling 
Rate 

Curves 

Heating and Cooling 
Rate 

A 

2° C. per minute 

E 

2° C. per minute 

B 

C. per minute 

F 

C. per minute 

C 

C. per minute 

G 

>1° 0. per minute 

D 

2° C. per minute 



A comparison between the results shown by curves D and by curves 
E shows that the rate of formation of nuclei and of crystal growth is of 
great importance in determining the shape of the dilatometric curves. 
Curve D was taken at a rate of heating and cooling of per minute. 
For curve E, the specimen was cooled from above Ag to 730° at the rate 
of 2° per minute and then to below the Ai temperature at the rate of 
per minute, and in the other case the alloy was cooled from above Ag 
to 735° at 2° per minute and then heated at J^° C. per minute to above 
the Acg temperature. In the experiment shown in curve E, with much 
of the transformation displaced to a low temperature, more nuclei must 
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have been formed than in the experiment represented by curve Z), and 
thus the part of the curve between Ai and A3 is much more nearly straight, 
for the greater number of nuclei must have assisted the alloy in approach- 
ing its equilibrium composition more rapidly. Thus the concave portion 
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Fig. 22. — Typical differential dilatometric-temperature curves showing 

DIFFICULTY IN DETERMINING ATcm TEMPERATURES DILATOMETRICALLY IN ALLOYS 
CONTAINING LESS THAN 1 PER CENT C (CURVES A, B AND B), AND RELATIVE EASE IN 
HIGH-CARBON ALLOTS (CURVE R). 

Rate of heating and cooling, curves A, B, C, B, (?, R and /, 2° C. per minute. Rate 
of heating, curve F, C. per minute. Rate of cooling, curve B, C. per minute. 

of the cooling curve in D is probably caused by acceleration of transforma- 
tion with increasing nuclei formation on cooling. In test D considerable 
ferrite was found segregated at the grain boundaries of the original 
austenite, resulting in a gross cellular microstructure. In test B/, much 
less ferrite formed at the original austenite grain boundaries and the 
microstructure, exhibiting a Widmanstatten figure, was considerably 
more refined. 
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Curves shomng the dilatometric behavior of the hypoeutectoid alloys 
close to eutectoid composition are given in Fig. 21. When the 0.665 per 
cent C steel is cooled at 2"^ C. per minute, its Ars temperature (716° C.) 
occurs so close to the Ari (711° C.) that the distinction between the Atz 
and the Ari temperatures on curve A may not be recognized. Figs. 25 
and 26 show, however, the presence of proeutectoid ferrite and thus prove 
that the alloy experienced an Acs transformation; the two temperatures 
are apparently only 5° apart in this alloy. In alloys containing more 
carbon, no Ars transformation can be found at the rate of 2° per minute 
and dilatometric curves change direction sharply at the Ari temperature 
(curves D and E). The Acs transformation is not definitely indicated 



Fig. 23. Fig. 24. 


Fig. 23. — ^Alloy 0.05 per cent C. Shows unusual distribution of carbide 
(black) and ferrite (unbtched). 

Alloy carburized in hydrogen-dipentene mixture at 1200° G. for 11 hr. and then 
cooled at 1° C. per minute in the carburizing furnace. Etched with sodium picrate. 
Fig. 24. — Alloy 0.20 per cent G. Pearlitb and unusually large carbide 

MASSES WERE FORMED DURING COOLING. 

Alloy carburized in a hydrogen-dipentene mixture at 1100° G. for 46 hr. and cooled 
at 1° G. per minute. Etched with sodium picrate. 

Original magnification 1500; reduced in reproduction. 

by the heating curve A, owing probably to the masking effect of the dila- 
tometric anomaly associated with the latent heat. As the rate of heating 
and cooling were decreased, both the Acs and the Atz temperatures 
became more clearly defined (curves B and C). 

The dilatometric anomaly at Aci and Ari transformations, is most 
apparent in alloys of eutectoid composition when heated or cooled at the 
fastest rate (2° C. per minute). Curves D to G (Fig. 21) show the magni- 
tude of this anomaly, and the effect of rate upon it. 

Dilatometric curves for hypereutectoid alloys containing 0.95 per cent 
C, 0.972 per cent C and 1.2 per cent C are given in Fig. 22. Curves A 
show that the contraction during heating at the Aci transformation tem- 
perature is greater than the expansion during cooling at Ari. The 
explanation for this is probably the same as that given for the similar 
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phenomenon in hypoeutectoid alloys, except that in this case FesC is the 
proeutectoid phase. Carbide precipitated from austenite causes a 
contraction, whereas the formation of ferrite causes an expansion. Thus 
in pearlite these two processes tend to neutralize each other. Fig. 27 
shows that proeutectoid cemetite formed on cooling the 0.95 per cent C 
alloy, though this is not shown by the dilatometric curves A . The alloy 
was heated at 2^ C. per minute to 980° C., then cooled at the same rate 
to a temperature of 745° C. and quenched (Curves B, Fig. 22). The 
microstructure showed evidence of carbides present at the quench- 
ing temperature. 



Fig. 25, Fig. 26. 

Fig. 25. — Alloy 0.665 per cent C. Showing considerable proeutectoid ferrite 

PRECIPITATED DURING COOLING. 

Alloy heated at 875® C. for 1 hr. in dilatometric test (Fig. 21, curves A), and cooled 
at 2° C. per minute. Etched with nital. Original magnification 250; reduced 
34 in reproduction. 

Fig. 26. — Allot 0.665 per cent C. Showing large masses of proeutectoid 

FERRITE WITH SUBSEQUENT FORMATION OF LARGE CARBIDE MASSES AND STILL LATER 
FORMATION OP LAMINATED PEARLITE AT APi. 

Alloy heated at 875® C. for 1 hr. and cooled at 2® C. per minute. Etched with 
nital. Original magnification 1500; reduced 34 in reproduction. 


Attempts to make dilatometric analyses of hypereutectoid alloys 
containing below 1 per cent C were only partly successful, owing to the 
small change of slope in the dilatometric curves at the and the Ar^,^ 
temperatures (see curves B and F). It is difficult to secure dilatometric 
data on these alloys using various rates of cooling, especially fast rates. 
Considerable carbide was precipitated above 730° C. in an alloy (0.972 
per cent C) cooled at 3^° C. per minute from 840° C. (Fig. 28) and yet 
the dilatometric cooling curve (curve F, Fig. 22) shows practically no 
evidence of a change of direction of the curve. A satisfactory dilato- 
metric analysis of higher carbon alloys is much less difficult, as shown in 
curves H (Fig. 22), since the change of direction of the curves at Ac^^ and 
Ar^^n temperatures is much more pronounced. 
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The retention of a considerable amount of carbide in the 1.2 per cent C 
alloy during cooling at a rate of 2^ C. per minute is probably responsible 
for the behavior of the alloy in the vicinity of the Ari temperature 
(Fig. 22, curves H, point K), It was observed that when the carbides 
were more completely separated on cooling before the Ari transformation 
temperature was reached, no irregularity at that temperature was 
observed (curves G). In order to separate the carbides more completely 
in test G than in test the alloy was cooled from 980° C. to 760° C. at 



Fig. 27. Fig. 28. 

Fig. 27. — Alloy 0.95 per cent C. Showing proeutectoid carbides (black) 

PRECIPITATED ABOVE 745° C. ThE DILATOMETRIC TESTS (DILATOMBTRIC COOLING 
CURVES A AND jB, FiG. 22) GAVE NO EVIDENCE OF THIS. 

Cooled from 980° to 745° C. in a dilatometric test (curves B, Fig. 22), and then 
cooled at about 50° C. per minute. Etched with sodium picrate. 

Fig. 28. — ^Allot 0.972 per cent C. Shows evidence of considerable pro- 

EUTBCTOID CARBIDE FOUND ABOVE 730° C., THOUGH THE DILATOMETRIC TEST GAVE 
ONLY A VERY SLIGHT INDICATION OF THIS. 

Cooled from 875° C. in dilatometric test (curve jB, Fig. 22) at J^° C. per minute to 
730° C. and then cooled at about 50° C. per minute. Sjched with sodium picrate. 
Original magnification 2000; reduced in reproduction. 

J^° C. per minute, and then to below the Ari temperature at 2° C. per 
minute. The greater expansion at Ari shows that less carbide separated 
at Ari. It seems likely that considerable carbides were precipitated at 
the temperature indicated by K (curves H) and that simultaneously 
part of the Ai transformation occurred owing to the considerable disturb- 
ance created by the formation of carbide. It will be observed that point 
K (curves H) is below the Ai transformation temperature, 723° C. A 
comparison between the cooling curve H and the thermal curve I shows 
that the dilatometric and thermal results are in agreement with respect 
to this irregularity. 


Thermomagnetic Results 

The shape of a thermomagnetic curve for iron and iron-carbon alloys 
depends on the magnitude of the magnetizing force used^°’^^ Above 
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certain minimum very high values of magnetizing force at which iron is 
completely saturated, the shape of the magnetic curve becomes inde- 
pendent of the magnetizing force. 

The isothermal magnetic flux-magnetizing force curves of Fig. 29 
(left) * show the influence of the magnetizing coil current (proportional 
to Hj the magnetizing force) on the degree of saturation of iron at various 
temperatures. As the temperature is increased, a lower magnetizing coil 
current is required to give magnetic saturation. This explains why in the 
\dcinity of the Curie point (780° C.) the curves in Fig. 29 (right) have 
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Fig. 29. — Isothermal magnetic flux-magnetizing force and thermomagnetic 
CURVES, high-purity IRON. 

Showing effect of H (magnetizing force) on degree of magnetic saturation at 
various temperatures and on shape of thermomagnetic curves. Centimeters are 
proportional to magnetic flux. 


the same shape and show the same value for the temperature at which 
the magnetism has practically disappeared, despite the fact that the 
curves at lower temperatures are quite different in shape, owing to the 
difference of the magnetizing force. 

The results of the thermomagnetic analysis showing the influence of 
carbon on the Curie temperature range and on the Ai transformation, 
respectively, are given in Fig. 30. The magnetizing force was about 100 
gilberts per centimeter, and the heating and cooling rate 2° C. per minute. 
All the specimens were heated to and cooled from 785° C. and therefore, 
except for one alloy (0.55 per cent C), were not entirely transformed to 
the 7 -iron-carbon solid solution before cooling. The magnetic change is 
reversible in the carbonyl iron (0.5 per cent oxygen, mostly oxide), the 


* Scale readings in centimeters are proportional to the magnetic flux of the speci- 
men, and the magnetizing coil current is proportional to the magnetizing force H. 
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hydrogen-treated carbonyl iron, and the electrol 3 rtic iron (0.012 per cent 
C) (Fig. 30). The Aci and Ari temperatures were not determined 
thermomagnetically for all the alloys noted in Fig. 30, but those deter- 



mined agree with those obtained by dilatometric methods (see Fig. 9) and 
show that the phase and electronic changes take place simultaneously. 
The Acs transformation temperatures in alloys with 0.15 to 0.45 per cent 
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C, when heated at 2° C. per minute, are above the Curie point tempera- 
tures and therefore cannot be determined thermomagnetically. 

The results of the thermomagnetic studies (alloys up to 0.45 per cent 
C) show that the disappearance of magnetism at 775° C. on heating and 
reappearance on cooling at 775° C. mark the end of the Curie magnetic 
transformation on heating and the beginning on cooling; but the results 
give no indication of Acs and Ars transformations. In none of these tests 
was the or-iron completely transformed to y-iron, and for this reason the 
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Fig. 31. — Thermomagnetic cooling curve showing Ari and Ao temperatures in 

A 1.35 PER CENT C ALLOT. 

Rate of cooling, 2° C. per minute. Centimeters are proportional to magnetic flux. 
E (magnetizing field) 350 gilberts per centimeter. 


end of the magnetic transformation on heating and the beginning on 
cooling are coincident. 

The thermomagnetic curves for the 0.55 per cent C alloy, Fig. 30, 
taken at a rate of heating and cooling of 2° C. per minute show that the 
partial loss of magnetism at the Aci and Ari temperatures occurs over a 
very small range of temperatures; namely, less than 3° C. The reap- 
pearance of magnetism on cooling occurred at a temperature somewhat 
higher than might have been obtained if the alloy had been heated 
to a higher temperature above the Acs point and thus been rendered 
more homogeneous. 

The thermomagnetic study of the 0.77 per cent C alloy heated and 
cooled at a 2° rate (Fig. 9, curve A) gives an Acs temperature of 740° 
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which is the temperature to be predicted from the diagram (Fig. 33). 
This temperature is considerably below the Curie point of iron. 

Fig. 31 shows the results of the thermomagnetic study of the Ao 
magnetic point in FesC and of the Ari point in an alloy with 1.35 per cent 
C. The Ao point in FeaC, like the Ao point in iron and iron alloys, is 
entirely reversible. 



RATE’‘C PER MINUTE 


Fig. 32. — Illustrating method of extrapolation used to determine the As and 

Ai TEMPERATURES FROM Acg, Ala AND ACi, Ali DATA. 

Showing influence of rate of heating and cooling on A3 and Ai temperatures. 
Samples as follows: 

A, hydrogen-purified carbonyl iron. 

Per Cent C Per Cent C Per Cent C 

B, 0.135 0,0.160 D, 0.280 

E, 0.302 F, 0.310 0,0.341 

H, 0.458 1,0.487 J, 0.544 

K, 0.579 L, 0.663 M, 0.665 

N, 0.310 0,0.972 

Microscopic Results 

Microscopic results are given in Table 5, and no further discussion of 
them is necessary. 

Results of the Four Methods 

The results of each of the four methods of investigation used in this 
work are presented as follows: (1) dilatometric results in Figs. 15, 17 to 
22, 32, 45, in Table 4, and in the diagrams Figs. 33 to 35 and Fig. 43; (2) 
thermal results in Figs. 9 and 20;* (3) magnetic results in Figs. 9, 29 to 

* Aci and Ari thermal data were obtained for all the alloys listed in Table 4 when 
rates of 2® and C. were used for heating and cooling. These in every case agreed 
with the dilatometric data given in this table within ±1® C. 
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31 ; and (4) results of microscopic studies in Figs. 2 to 6,10 to 13, 16, 23 to 
28, 36 to 42, in Table 5, and in the diagram of Fig. 43. 


Table 4. — Dilatometric Data 


Transformation 

Ac 3 

An 

As 

Aci 

Ari 

Ai 

Heating and Cooling Rates, 















Deg. C. per Minute 















— 


2 



2 



0 

2 


K 

2 



0 

Alloy No. 

Weight Per Cent 
Carbon 















F3 

0.135 

865 

859 

855 

834 

840 

845 

849 

732 

730 

729 

704 

706 

708 

720 

F41 

0.160 ! 

860 

853 

846 

825 

832 

838 

842 

735 


730 

709 

710 

713 

722 

F41' 

0.160 











707 




F20 

0.280 

825 

818 

815 

788 

800 

803 

809 

732 



707 




F20' 

0.280 

826 



789 











F4® 

0.302 

823 

814 

805 

784 

793 

799 

802 

731 



708 




F4' 

0.302 








731 







F19 

0.310 

816 

810 

806 

784| 


796 

801 

732 

730 

728 

708 

711 

714 

722 

F19' 

0.310 

817 



786 











F12 

0.341 

808 


801 

774 


784 

795 

730 

728 

726 

708 

713 

713 

721 

F40 

0.458 

794 

787 

781 

743 

752 

758 

770 








F40' 

0.458 




743 











F44 

0.487 

787 

778 

772 

739 

749 

754 

765 

733 

731 

730 

709 

713 

716 

724 

F44' 

0.487 

785 



736 




732 



710 




F39 

0.544 

772 

768 

764 

732 

738 

745 

755 

733 

733 

729 

710 

712 

716 

723 

F39' 

0.544 

774 



733 











F29 

0.579 

772 

767 

762 


735 

741 

752 








F29' 

0.579 

773 














F30 

0.663 


749 

747 

719 

724 

729 

741 

734 

732 

729 

711 

715 

717 

724 

F31 

0.665 


752 

749 

714 

722 

728 

742 

732 

730 

729 

710 

713 

717 

724 

F31' 

0.665 


749 

747 


724 

729 




729 





F32 

0.77 








734 

|731 

730 

707 

712 

715 

723 

F32' 

0.77 

ACoie 


ATcib 


Asm 

735 



707 




F45 

0.972 

815 


802 


775 

786 

796 

734 

731 


714 

717 

718 

724 

F45' 

0.972 

815 















® For sample F4 the temperature gradient in the specimen was not carefully con- 
trolled; the temperatures quoted are good to within ±3°. 

For all other specimens the lengthwise temperature gradient in the sample was 
kept wdthin in the vicinity of the transformation temperatures. The data taken 
at 2® per minute are good to within ±2®; those at per minute, to within ±1®. 

Discussion or Results 

Various methods have been used in plotting dilatometric data, as 
stated in the introduction. Sato^ plotted critical temperatures against 
rates of heating and cooling. Yap^ plotted Sato's data with logarithmic 
scales for both critical temperatures and rates. Upton® plotted the 
critical temperatures against the cube root of the rates, and Austin^^ 
plotted the critical temperatures against the fourth-power root of the 
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Table 5. — Data Used in Determination of the Aem Din^ 



* Probable accuracy of Acra data, assuming correct composition, ±4 C., equivalent 
to ±0.008 per cent C. 

rates. All these workers have extrapolated to zero rate in order to get 
the equilibrium temperatures. Upton pointed out that Sato^s method is 
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CARBON PER CENT 

Pig. 33. — Ieon-iron carbide diagram showing effect of carbon content 

ON DEGREE OF SUPERHEATING AND UNDERCOOLING OP A 3 AND Ai TRANSFORMATIONS 
AT RATES OP HEATING AND COOLING OP 2° C. PER MINUTE. 

unsatisfactory because of the difficulty in locating tangent points, and 
he claims that Yap^s method suffers from the disadvantage of not placing 
the zero rate at the center of the diagram, with rates of heating to one 
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side and of cooling to the other, and thus not permitting easy graphical 
extrapolation. Upton believes that the amounts of superheating and 
supercooling are nearly proportional to the cube root of the rates, so that 
straight lines are obtained when transformation temperatures are plotted 
against the cube root of the rates; Austin, however, thinks the fourth 
power may be equally well substituted for the cube root in the above plot. 

In this investigation the superheating and undercooling data have 
been plotted using all of the methods suggested. The method finally 



Fig. 34. — Iron-iron carbide diagram showing effect of carbon content 
ON degree of superheating and undercooling of As and Ai transformations at 

RATES OF HEATING AND COOLING OP K® O. PER MINUTE. 

adopted as the most useful consisted in a simple plot of the logarithm of 
the rate of heating or cooling against the temperature, and a linear extra- 
polation of the observed temperatures to the point of intersection of the 
curves (Fig. 32). This point of intersection must not be interpreted as 
representing a finite rate at which true equilibrium is attained, but merely 
as a convenient point of extrapolation; obviously the curves will approach 
the horizontal equilibrium temperature asymptotically, somewhat as 
shown in the dotted curves with curves B, This method and those 
itemized above all give the same extrapolated equilibrium tempera- 
ture within 1°. 
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The influence of the rates of heating and of cooling on the Aca and 
the Ars temperatures for alloys between zero and 0.70 per cent C are given 
in curves A to M in Fig. 32.* 

The addition of only 0.135 per cent C to iron very markedly changes 
the influence of rate, as shown by curves A and B, For alloys between 
0.1 and 0.7 per cent C, the slopes of the superheating and supercooling 
curves are practically the same within experimental error. Also, the 



0 0.2 0.4 0.6 0.8 1.0 1.2 

CARBON PER CENT 


Fig. 35. — Iron-iron carbide diagram showing effect of carbon content on 

DEGREE OF SUPERHEATING AND UNDERCOOLING OP As AND Ai TRANSFORMATIONS AT 
RATES OP HEATING AND COOLING OP C. PER MINUTE. 

separation of the curves tends to increase with increasing carbon content 
and the points of intersection are removed farther to the right; i.e., longer 
times are required to reach equilibrium. This latter fact is readily under- 
stood, for greater time is required in the higher carbon alloys for the 
diffusion of the greater amounts of carbon, and in addition the transforma- 
tion temperatures are lower and therefore the rate of diffusion of carbon 
is slower. 

The slope of the Aci and the Ari curves is much less than for the Ac 3 
and the Ara curves (see curve N, Fig. 32) and a much longer time is 


* The austenitic grain sizes in these alloys have been given in Table 3. 
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required to reach equilibrium, for the point of intersection of these curves 
is far to the right. 

Curve 0 in Fig. 32 is shown to represent the effect of rates of heating 
and cooling on the temperature. The temperature obtained by 
extrapolation, namely 796°, agrees quite w^ell with that determined 
microscopically, namely 797°. Although the dilatometric results on 
hypereutectoid alloys are not particularly useful in determining the 
temperature, a considerable difference in slope in the Ar^^ curve makes 
but little difference in the extrapolated point (±2°, or 0.005 per cent C); 
this is shown by comparison of the dotted Ar^^^ with the full curve 
in 0, Fig. 32. 



Fig. 36. Fig. 37. 

Fig. 36. — Alloy 0.78 per cent C. Shows carbides (spheroidal) tjndissolved 

AT 733® C. 

Heated 3 hr. at 733® C. (above Aci) and cooled at about 50° C. per minute. 
Etched with nital. 

Fig. 37. — Allot 0.78 per cent C. Shows carbides (black spheroids) ijndis- 

SOLVED AT 733° C. 

Heated 3 hr. at 733° C. and cooled at about 50° C. per minute. Etched with 
sodium picrate. 

Original magnification 2000; reduced 34 in reproduction. 

Figs. 33, 34 and 35 show the influence of carbon content on the degree 
of superheating and of undercooling. The data have been determined 
with sufficient accuracy and on a sufficient number of alloys to furnish 
curves of this sort with an accuracy of ±2° for the 2° rate and ±1° for 
the rate. 

The dilatometric data on hypereutectoid alloys are too meager to be 
of much use in fixing the Ar,^ and Ac,^ lines; those given are accurate 
within about ± 5°. 

The diagrams are for the most part self-explanatory, though some 
special mention must be made on the construction of the diagram near 
the eutectoid point >S, for rates of heating and of cooling of 2° per minute. 
If in Fig. 33 the Acs and Ac^ lines were prolonged they would intersect 
at point S. The thermomagnetic analyses of the alloys with 0.77 and 
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0.78 per cent C (Fig. 9, curve A) showed ferrite to persist up to 740° C. at 
a rate of heating of 2° per minute; the microscopic studies of these alloys, 
on the other hand, show the presence of carbides in these alloys after 
heating at 733° for 33^ hr., as shown in Figs. 36 and 37. Evidently, the 
heterogeneity originating in the initial cooling persisted on reheating 
above the Aci temperature, thus giving both carbide and ferrite above 
this temperature; the degree of persistence of these phases is surprising. 
In connection with the Ara and Ar^^^ points in the vicinity of the eutectoid 
composition it should be noted that the Ari arrest has its maximum value 



Fig. 38. Fig. 39. 

Fig. 38. — ^Alloy 0.74 per cent C. Cooled from 740° C. at 3^° C. per min- 
ute. Shows considerable proeutectoid ferrite precipitated in alloy dur- 
ing COOLING. 

Etched with sodium picrate. Original magnification 250; reduced in repro- 
duction. 

Fig. 39. — ^Alloy 0.74 per cent C. Cooled from 740° C. at 34° C. per minute. 
Shows considerable proeutectoid ferrite formed during cooling. 

Etched with sodium picrate. Original magnification 1500; reduced 34 in repro- 
duction. 

in these alloys and that the temperature arrest so much retards the rate 
of heating that time is available for the formation of a greater amount of 
austenite; i.e., less apparent superheating occurs, and accordingly the 
Ars and curves have a downward dip in the vicinity of the eutec- 
toid composition. 

The dilatometric studies performed at rates of cooling of 2° per minute 
on alloys containing between 0.70 and 0.90 per cent C furnish little evi- 
dence for the occurrence of Ars and Ar^^ points, owing to the very small 
amounts of ferrite formed at this rapid rate of cooling in hypoeutectoid 
and of carbide in hypereutectoid alloys before the Ari temperature is 
attained. At slower rates of cooling this range was decreased to 0.75 to 
0.85 per cent C. In an alloy with 0.74 per cent C cooled at 2° per minute, 
very little evidence appeared on the dilatometric curve for an Ars tem- 
perature, but this temperature was quite clearly indicated when the 
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Fig. 40. — Alloy 0.77 per cent C. Cooled from 885° C. at 2° C. per minute. 

Shows laminar pearlite formed during cooling. 

Fig. 41. — ^Allot 0.77 per cent C. Cooled from 885° C. at C. per minute. 

Shows laminar pearlite with a tendency toward spheroidization. 

Fig. 42. — Allot 0.77 per cent C. Cooled from 885° C. at J^° C. per minute. 
Shows spheroidizbd pearlite formed during cooling. 

Etched with nital. Original magnification 1500; reduced 34 in reproduction. 


464 


CONSTITUTION OF HIGH-PURITY IRON-CARBON ALLOYS 


specimen was cooled at 3^^° per minute. Figs. 38 and 39 show the amount 
of proeutectoid ferrite formed in the latter case. 

Upton® concluded from his studies of Sato's data that the relatively 
greater extent of undercooling of the Aca and ACe^, temperatures in com- 
parison to that of the Ai temperature implied that the Ara and the Ar^,^ 
lines should intersect the Ari line not at a single point, as in an equilibrium 
diagram, but at points separated by a finite carbon range, so that alloys 
within this range should all be completely pearlitic. Sato used very fast 
rates of cooling, and owing to the fineness of the division of proeutectoid 
ferrite and pearlite resulting from such treatment, it is diflScult to recog- 
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Fig. 43. — Iron-ibon carbide constitutional diagram. 


nize the proeutectoid ferrite in the microstructure. A correlation of the 
dilatometric and the microscopic data obtained in the present study does 
not support Upton's point of view. Proeutectoid ferrite was found to be 
present even when the dilatometer gave no evidence of the presence of an 
Ars point (Fig. 21, curve E) Fig. 40), owing to its close proximity to the 
Ari temperature. Similar results were obtained for hypereutectoid 
alloys. Evidently the Ars and Ar^ curves become nearly tangent to the 
Ari curve in the neighborhood of the eutectoid composition at the rates 
of cooling used. 

A correlation of the dilatometric results (Fig. 21) with the microscopic 
results (Figs. 25 and 26) on a 0.665 per cent C alloy showed that consider- 
able proeutectoid ferrite may separate both at the austenite grain bound- 
aries and within the grain without much evidence for the reaction 
appearing on the dilatometric curves. The dilatometric studies suggest 
that much of this proeutectoid ferrite separates at the eutectoid tem- 
perature; following this — as judged from the microstructure — primary 
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cementite forms in relatively large masses, and the remaining austenite 
then transforms bodily to lamellar pearlite. 

The Aci temperatures are constant over the full carbon range, whereas 
the Ati temperatures are lower in the lower carbon alloys®. This may be 
restated: the residual austenite in low-carbon steels supercools to a greater 
extent than in high-carbon steels (Figs. 33, 34 and 35). The reason for 
this is not clear; Sato® advanced an explanation, which is difficult to 
understand. Figs. 23 and 24 show very large carbide masses with no 
detectable pearlite in Fig. 23 and only a small amount in Fig. 24. It is 



Fig. 44. — ^Iron-ieon cakbidb constitutional diagram as determined by Mehl 
AND Wells, and Sato and from data selected by Epstein. 

possible that this structure originates in a rapid rate of spheroidization 
of the pearlite during its formation, but the angular outlines of the carbide 
masses suggest that the carbide is proeutectoid; it is possible that the 
great preponderance of ferrite at the Ai temperature exercises a powerful 
inoculating effect on the residual austenite leading to an excess formation 
of ferrite, and that the resulting state of supersaturation in the austenite 
with respect to carbon thus leads to the precipitation of proeutectoid 
carbide before the true pearlite reaction can take place. Figs. 40, 41 and 
42 show the influence of the rate of cooling on the appearance of pearlite. 
At a rate of 2® per minute the pearlite is mostly lamellar (Fig. 40), at a 
rate of per minute both lamellar and spheroidized (Fig. 41), and at a 

rate of per minute practically completely spheroidized (Fig. 42). 
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Fig. 43 gives the As, and the A.i lines deter m i n ed with an accuracy 
of ± 2°. The difference between the plotted points and the smooth curve 
lies between 0® and 3°, amounting to 1® in most cases. The greatest 
difference, 3°, is for the Ai temperature for the alloy with 0.135 per cent C; 
this is not surprising for, as already noted, it is very diflicult to determine 



TEMPERATURE 

Fig. 4§. — Calculated and expeeimbntallt determined dilatometric curves. 
Curve A, Dilatometric curve calculated from X-ray data and diagram Fig. 43. 
Curves B, F, M, iV. Differential dilatometric curves calculated from X-ray data 
and diagram Fig. 43. 

Curves D, 7, K. Differential dilatometric curves calculated from X-ray data 
and diagram Fi^ 33. 

Curves C. Experimentally determined differential dilatometric curve. Heating 
and cooling rate: C. ]^r minute. 

Curves TT, 7, L. Experimentally determined differential dilatometric curves. 
Heating and cooling rate: 2® C. per minute. 


the Ai temperatures in very low-carbon alloys. It will be noted that the 
dilatometric data for the line agrees well with the microscopic. This 
shows that the annealing periods used in the microscopic studies (Table 5) 
were adequate. No effort has been made to deter min e the solvus curve 
of the solubility of C in a-iron. The Ai temperatures are constant 
between 0.16 and 0.97 per cent C to within ±1®. The Ai temperature 



ROBERT P. MEHL AND CYRIL WELLS 


467 


given is 723®, and the eutectoid composition is 0.80 per cent C, which 
is probably correct to within ±0.01 per cent C. 

The As, andv Ai temperatures obtained by Sato^ and those selected 
by Epstein^ are given in Fig. 44, together with the data obtained in the 
present work. The points of similarity and of disagreement may readily 
be seen; Epstein's As curve and Ai curve coincide with those determined 
here. The high temperatures given by Sato doubtless were caused 
by the high silicon content of his alloys. 

The results of magnetic analyses are in general agreement with those 
of Esser^ and Sato® and show that the Curie point in iron is about 775® C. 
This temperature, at which the Curie magnetic transformation is com- 
plete, is not appreciably affected by carbon content until such a carbon 
concentration is reached that the Acs transformation on heating or the 
Ars on cooling occurs below 775®. A magnetic change is associated with 
the Aci and Ari transformations, owing to the change in the amount of 
ferromagnetic ferrite. The magnetic changes at Ai were the only ones 
in hypereutectoid alloys at high temperatures except the small changes 
noted which occurred above the Aci temperature on heating and were 
undoubtedly caused by heterogeneity. The Ao temperature, the tem- 
perature of the magnetic change in cementite, namely 200°, is also in 
agreement with previous results, though it had not been shown previously 
that the Ao transformation takes place entirely at constant temperature. 
This transformation, like the Curie transformation, is reversible. 

Calculations have been made of ideal dilatometric curves using the 
Fe-FesC diagram shown in Fig. 43 and the curves of lattice parameter 
versus carbon composition at different temperatures (in order to obtain 
data on volume) as determined by Esser and Mueller^®. In making these 
calculations the solubility of carbon in a-iron was assumed to be 0.04 
per cent at Ai decreasing linearly to A3; the density of FesC was taken to 
be 7.62, and that of a-iron 7.885. These densities were converted to 
volumes at 723® under the assumption that the temperature coeflS.cients 
of expansion are approximately the same. Thus the volumes just below 
Ai for an alloy of any carbon content could be calculated, and compared 
to that above the Ai temperature calculated with these data and the 
volume of austenite as determined from the data of Griess and Esser. 
This method was followed throughout the transformation range. In cal- 
culating differential dilatometric curves it was assumed that the com- 
parison piece was pure oj-iron. These calculated curves are given in 
Fig. 45 with calculated points plotted as hollow circles. Experimen- 
tally determined curves are given for comparison, shown by full lines. 

Curves D, Gj I and K are calculated curves drawn to represent true 
length (volume) changes at a rate of heating and cooling of 2® per minute; 
these were obtained by taking the Ari and Aci and the Ara and Acs 
temperatures from the experimental curves and then calculating volumes 
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and finally lengths. Curve JV is a theoretical curve for pure iron calcu- 
lated on the assumption that the Aa transformation takes place at the 
eutectoid temperature; it is introduced together with a calculated curve 
for a eutectoid steel to show a comparison of the volume changes. 

SUMMAET 

1. A series of approximately 60 high-purity iron-carbon alloys has been 
prepared in the carbon range 0° to 1.4 per cent C. The alloys were made 
from hydrogen-purified carbonyl iron by gas carburization in mixtures of 
dipentene-hydrogen and dipentene-benzene-hydrogen. The technique 
for preparing homogeneous alloys of any desired carbon content is 
described. Spectroscopic and chemical analsrees showed these alloys to 
be of very high purity. 

2. The Ars and Acs, the Ari and Aci, and the Ac^m and Ar^ tempera- 
tures in these alloys were determined by the dilatometric, the thermal 
analytical, the magnetic and the microscopic methods. For the first 
two methods constant rates of heating and cooling of 2°, and per 
minute were employed. The data thus give information on the degrees 
of superheating and undercooling in the metastable Fe-FesC system. 

3. The dilatometric behavior of these alloys is discussed in detail; the 
transformation temperatures determined dilatometrically are accurate to 
± 1° C. at the slowest rate. The effect of carbon content on the degrees 
of superheating and supercooling is discussed. The dilatometric evidence 
for As or A^ transformations at rates of 2° per minute in alloys between 
0.7 and 0.9 per cent C was slight and somewhat questionable, but micro- 
scopic studies showed the presence of proeutectoid ferrite and cementite. 
The dilatometer is not particularly useful in determining the A„,„ tempera- 
tures in alloys with less than 1 per cent C, for the volume changes are not 
sufidciently sharply indicated on the dilatometric curves. 

4. No evidence was found of the Curie point, the As temperature, in 
the austenite field; up to the point where the Curie temperature coincides 
with the As temperature, the temperature at which the alloys wholly lose 
their magnetism is 776® C. The Ao point in FesC is at 200® C. 

5. The extrapolation of the dilatometrically determined transforma- 
tion-temperature data to zero rates of heating or cooling is discussed. 
The data presented for the Ag and Ai temperatures have been extrapolated 
and the equilibrium curves drawn. These are believed to be accurate 
to +2® C. 

6. The microscopically determined A„ curve is accurate to about 
+3® C. 

7. The eutectoid composition is 0.80 + 0.01 per cent C; the Ai tem- 
perature is 723® ± 2° C. 
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8. Ideal dilatometric curves have been calculated from density data 
and compared with the experimental curves and the reasons for devia- 
tions discussed. 
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DISCUSSION 

(F, T. Sisco presiding) 

J. B. Austin,* Kearny, N. J. (written discussion). — Some time ago, the authors 
of this paper sent us samples of four of their high-purity iron-carbon alloys to be used 
in a study of the influence of carbon on the thermal-expansion coefficient of iron. As 
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our investigation was carried to temperatures above the transformation, we obtained 
measurements of the Ai and Az temperatures of the alloys as a by-product, and in so 
far as they are comparable, our results are in excellent agreement with those of Mehl 
and Wells. 

At the suggestion of Dr. Wells, the alloys were homogenized before the carbon 
content was determined, by sealing the samples in silica tubes and giving them a 
treatment of 14 hr. at 1050° C. The thermal-expansion measurements were made in 
our vacuum interferometer using a rate of heating of 3° C. per m i nute. An attempt 
was made to cool at the same rate but in our dilatometer the rate of cooling is more 
difficult to control than the rate of heating, so that the cooling was sometimes faster 
than the 3° C. a minute desired. Duplicate heating and cooling nms were made on 
each alloy. 

The most rapid rate of heating and cooling used by Mehl and Wells was 2° C. a 
minute; so that our data are not strictly comparable with theirs; nevertheless, since 
the difference between 2® and 3® C. a minute is not large, we have made a comparison, 
keeping in mind that perfect agreement is not to be expected. 

Of our eight determinations of the' Ac i temperatures all fell within the range 
730® to 732® C., in excellent agreement with the values given by Mehl and Wells in 
Table 4, which lie within the range 730® to 736° C. Sis of our eight determinations 
of the Ari temperature lay between 688° and 695° C., which is appreciably lower than 
the range 704® to 711® C. given in Table 4, but the difference is almost certainly due 
to the fact that our cooling rates were somewhat faster than 3° C. per minute. 

In comparing the Ac a and Ara temperatures, it is not possible to use the numerical 
values given by Mehl and Wells in their table, because measurements are not reported 
for alloys of the same carbon content as those we used; consequently, it is necessary to 
compare our observations with the As temperatures corresponding to the composition 
of our alloys as read from Fig. 33. This comparison, made in Table 6, shows that, on 
the whole, the agreement is remarkably good. 

I should like to venture the prediction that this paper will take its place among the 
classics of ferrous metallurgy because it marks the first time that equilibrium relations 


Table 6. — Comparison of Acz cmd Ar^ Temperatures with Those Given by 

Mehl and Wells 



Carbon Con- 

Acs Temperature, Deg. C. 

Ara Temperature, Deg. C. 

Alloy No. 

! 

tent, Weight 
Per Cent 

Mehl and Wells 
Fig. 33 

At 3® C. per 
Min. 

Mehl and Wells 
Fig. 33 

At 3® C. per 
Min. 

F41 

0.222 

840 

00 00 

800 

802 

F5 

0.312 

816 

(816 

(813 

778 

(774 

(779 

F13 

0.362 

805 

r- CO 

i-« o 

00 00 

765 

(764 

(763 

F30 

0.674 

755 

<755 

<756 

715 

(713 

(712 


in a binary ferrous system have been accurately established. After many years of 
research, the time has at last arrived when we are really justified in referring to the 
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eutectoid section of the diagram as given in !Fig. 43 as the iron-carbon diagram; with 
this achievement ferrous metallurgy makes another strong claim to membership 
in the group of exact sciences. 

J. G. Thompson,* Washington, D. C. — I agree fully with what Dr. Austin has 
already said in regard to the value of the results obtained in this paper and to the 
way in which these results were obtained. One point that I think the authors would 
have been justified in spending considerably more time in describing -was the method 
of carburizing and of handling their specimens, so that such beautiful uniform car- 
burization was obtained. That phase is passed over as a mere detail, a preliminary 
detail, in the preparation of samples. As a matter of fact, anyone who has worked 
with carburizing at all will realize that the preparation of uniform carburized speci- 
mens and specimens with uniform structure is an achievement in itself. 

F. T. Sisco, t New York, N. Y. — ^In the issue of Metal Progress for February, 1937, 
are reproduced the results of the work by the National Physical Laboratory on high- 
purity iron. As we all know, the As point of iron is of fundamental importance in the 
iron-carbon diagram. The As point used by Dr. Wells and that determined by the 
N.P.L. work are not in agreement. There is some. 35®, I believe, between the two. 
What is the explanation of that discrepancy? 

R. F. Mehl and C. E. Wells (written discussion). — The authors are pleased that 
Dr. Austin's results and theirs are in such remarkably good agreement. Dr. Thomp- 
son's comments are very welcome. In order to carburize iron in hydrogen-hydro- 
carbon mixtures as quickly as possible and obtain at the same time a uniform 
distribution of carbon, it is essential to use a high hydrogen-hydrocarbon ratio and a 
high temperature. As previously reported, in the footnote on page 431, Schenck has 
summarized the work on equilibria between hydrogen-methane mixtures and gamma 
iron, and it is seen that if one decides to use a temperature of carburization of 1025° C., 
for example, and desires a homogeneous iron alloy containing 0.4 per cent, the gas 
mixture must contain a little less than 0.5 per cent of methane and a little more than 

99.5 per cent of hydrogen, the partial pressure of the methane being of the order of 

3.5 mm. Hydrogen was passed through various selected liquid hydrocarbons having 
approximately the above vapor pressure and the mixture was then used for carburizing 
purposes in the manner described in the paper. After using a number of such hydro- 
carbons in this way, dipentene, and later dipentene-benzene, mixtures were selected. 
Benzene is used with the dipentene in the preparation of the higher carbon alloys. 
It has two advantages — one, to increase first the hydrocarbon-hydrogen ratio; the 
other, to decrease it with time. This tends to give homogeneous alloys more quickly. 
In the preparation of the alloys benzene was not usually added during the last 12 hr. 
of the carburizing treatment. 

The composition of the alloy prepared may be varied by changing the temperature 
of carburization, the temperature of the liquid hydrocarbons, the rate of the flow 
of the hydrogen-hydrocarbon mixtures through the carburizing furnace, and the 
time of carburization. In order to get as rapid homogenization as possible during 
the carburization process, and therefore limit the time required to obtain desired results, 
as high a carburizing temperature as possible should be used. The use of too high a 
temperature, however, will result in too rapid a decomposition of the hydrocarbons in 
the gas mixture and a deposition of carbon before the carburizing gases reach the 
specimen, resulting in a failure to obtain the desired carbon content in the alloy. This 
may be offset to some extent by increasing the rate of flow of the gases through the 
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carburizing furnace. In general, however, in the preparation of the alloys referred to 
in this paper, the rate of flow of the gases (1 cu. ft. per hour) was not varied, and the 
carburizing temperature chosen was above 1000° and below 1200° C., especially 
in the preparation of hypoeutectoid alloys. The lowest temperature of the hydro- 
carbons used was 0° C. when making the lowest carbon content alloys, and the highest 
temperature was 35° C. when the alloys of highest carbon content were being made. 
If a temperature of more than 35° C. were used, liquid hydrocarbon would be deposited 
on the cooler parts of the apparatus and thereby change the composition of the 
carburizing gas mixture. In the preparation of the specimens of high-purity iron for 
carburization, the surfaces were ground and subsequently rubbed on No. 00 
metallographic paper. 

In answer to Mr. Sisco's question, the authors wish to first point out that the results 
of Adcock and Bristow, to which he refers, do not indicate an a to -y transformation 
at a single temperature, but over a temperature range of 26° C. on heating and 12° C. 
on cooling. In view of this fact, one cannot choose a particular temperature and 
claim that it represents accurately the A3 point in iron. Either one must accept the 
temperature range as being an inherent property of the iron or admit that the A3 
transformation temperature was not accurately determined by Adcock and Bristow. 
Adcock and Bristow themselves found it difficult to assign a reason for the dis- 
crepancy referred to by Mr. Sisco. They think that the As change in iron is complex 
and presumably causes the temperature range (a ;=± 7) to exist in it, and that unknown 
factors may be operating. The possibility of a temperature gradient in specimens 
and of the carbon content (0.0045 per cent) affecting the results of Adcock and 
Bristow has been discussed previously.^ In this respect those authors do not think 
that the gradient was larger than 2° or 3° C. However, be this as it may, Wells, 
Ackley, and Mehl^ have shown definitely that 0.012 per cent carbon may cause a 
temperatxire spread at the a-7 transformation of as much as 34° C., so that the 
0.0045 per cent carbon in Adcock and Bristow's aUoys may cause a spread of several 
degrees. In the present investigation the As temperature was taken to be 910° C., 
because it has been determined accurately in iron of high purity, and the results have 
been confirmed in another laboratory. Furthermore, the As transformation in iron 
at 910° C. (±1° C.) has been observed to start and finish at one and only one tem- 
perature, and this is what one would normally expect to find in a single compo- 
nent system. 


^^F. Adcock and C. A. Bristow: Iron of High Purity. Proc, Roy. Soc. (1935) 
163, 172. 



X-ray Study on the Constitution of Iron-silicon Alloys 
Containing from 14 to 33.4 Per Cent Silicon 

Bt Eabl S. Gbedster* ani> Eeic R. jETTE,t Members A.I.M.E. 

(Cleveland Meeting, October, 1936) 

The constitution of the iron-silicon alloys containing from 14 to 
33.4 weight per cent silicon has been studied by a number of investigators, 
whose results have been reviewed in a monograph published by the 
Engineering Foundation^ In these previous researches, the solubility 
of silicon in iron was determined by thermal, microscopic or magnetic 
methods and the compound Fe 8 Si 2 was reported to be stable at tempera- 
tures from 0 to approximately 1030® C. This paper describes the results 
of an X-ray investigation of the solubility of silicon in iron and gives data 
which prove that the Fe 3 Si 2 phase is unstable below 825® C. 

In order to obtain the present results on the solubility of silicon in 
iron, the authors have utilized the lattice constants of the alpha-phase 
iron-silicon alloys given in a previous publication^, and also some addi- 
tional data which will subsequently be described. 

Materials and Methods 

The alloys used in this investigation are listed in Table 1. They 
were prepared in 30 or 60-gram ingots by melting specially purified 
silicon and electrolytic or carbonyl iron in alimdum crucibles under a 
pressure of less than 1 mm. of mercury. The purity of the silicon, 
electrolytic and carbonyl irons has been given by the authors in previ- 
ous publications^*®. 

The ingots were homogenized in vacuo at approximately 1000® C. for 
at least 96 hr. and then slowly cooled. The homogenized specimens were 
ground to powder in a hardened steel mortar. This powder was passed 
through a 150 or 200-mesh screen and sealed in evacuated quartz, Jena 
or Pyrex glass tubes and heat-treated as noted in the various tables. 
Specimens 23A, 24B, 33 and 35 and the specimens heated for one month 
at 700® C. were quenched by quickly removing the tubes from a horizontal 
tubular furnace and dropping them into water. The other specimens 
were quenched by means of a drop-quenching device, which has been 
described previously®. 

Manuscript received at the office of the Institute June 30, 1936. 
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Temperatures up to and including 1110° C. were measured by means 
of a platinum platinum-rhodium thermocouple that had been checked 
against a Bureau of Standards calibrated thermocouple. The maxi- 
mum error in the temperatures below 1000° C. may be considered to 
be ±5° C. The temperature of 1150° C. was measured by means of 
an optical pyrometer. 

The alloys were analyzed for their iron contents by the silver reductor 
method, using standardized ceric sulfate solutions for titration with 
ferrous phenanthroline as indicator®. Duplicate determinations were 
made in every case. Silicon was obtained by difference. 

Table 1 . — Composition of Alloys 

Alloy No. 24 78 23 80 33 34 35 47 

Wt.percent of silicon 16.84 18.69 20.38 22.12 24.75 25.06 29.96 33.40 

Focusing cameras designed by Phragmdn were used for determining 
the lattice constants. The total number of X-ray reflections from the 
211, 220 and 310 planes, which were measured and used in determining 
the lattice constants of the respective alloys, are given in Table 4. The 
error in determining the lattice constants of all the alloys quenched from 
600° to 1110° C. may be set at ±0.0005^. In alloy No. 35, quenched 
from 1150° C., only one alpha-phase reflection could be measured because 
of the poor quality of the lines resulting from quenching the alloy near 
its melting point. 

Radiation from an iron target was used throughout the investigation. 
The wave lengths were those assigned by Siegbahn (1931). 

Alloy Phases Considered 

In an investigation of the iron-silicon system, Phragm^n^ found two 
phases, each of which was in equilibrium with the body-centered cubic 
alpha-iron phase over a certain temperature range. At high tempera- 
tures, the second phase was the compound FeSi, which has a cubic 
structure with four molecules in the unit cell. At about 1030° C. (see 
references 6, 7 or 1) the following reaction occurs: 

alpha + FeSi Fe 8 Si 2 (reaction A) 

The Fe 3 Si 2 structure is very complicated and has not yet been described. 
It has been supposed that this phase is stable between 1030° C. and room 
temperature. Thus in this temperature range for alloys adjoining the 
alpha phase and containing up to 33.4 wt. per cent silicon, there would be 
two two-phase regions separated by the very narrow single-phase region 
(Fe3Si2), the order being: (1) alpha, (2) alpha + Fe 3 Si 2 , (3) Fe 3 Si 2 , 
(4) FeaSis + FeSi, (5) FeSi. 

Decomposition of FezSi^ Phase , — During the investigation fo alpha- 
phase solubility limit, it was observed that the FeSi phase was present 
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in the alloys containing between 17 and 25 wt. per cent silicon when 
heated to temperature below 850° C. for reasonably long periods of time. 
The same thing had been noted by other investigators^*® and was reason- 
ably interpreted as being due to the slowness of reaction A between the 
alpha and FeSi phases. However, an X-ray diffraction pattern from the 
FeSi phase was observed in alloy No. 24, which contained 16.8 wt. per cent 
silicon. According to Fig. 1 and other iron-sUicon^ phase diagrams, the 
FeSi phase does not occur in such an alloy at any temperature. Con- 
sequently, the occurrence of the FeSi phase in this alloy led the present 
investigators to suspect that the Fe 3 Si 2 phase became unstable at some 
temperature below 850° C. and was decomposed into alpha + FeSi, which 
is the reverse of reaction A. 


Table 2. — Phases Present in Alloys at Various Temperatures 


Alloy 

No. 

Weight 

Per Cent 
Silicon 

Annealing 

Time 

Quenching 
Temperature, 
Deg. C. 

Phases Present 
from X-ray Films 

24HL 

16.84 

1 month 

700 

alpha + FeSi 

78-4 

18.69 

1 month 

700 

alpha -h FeSi 

23-4 

20.38 

1 month 

700 

alpha -1- FeSi + (Fe 3 Si 2 very small) 

80-4 

22.12 

1 month 

700 

alpha + FeSi + (Fe 3 Si 2 small) 

34-3 

25.06 

6 days 

700 

alpha + FeSi + (Fe 3 Si 2 small) 

35-4 

29.96 

1 month 

700 

alpha + FeSi -1- (Fe 3 Si 2 very small) 

47-4 

33.40 

1 month j 

700 

FeSi 

24-3 

16.84 

6 days 

850 

alpha 4- FesSia 

78-3 

18.69 

6 days 

850 

alpha 4- FesSia 

23-3 

20.38 

7 days 

852 

alpha -h FesSia 

80-3 

22.12 

7 days 

852 

alpha + Fe 3 Si 2 

34-3 

25.06 

6 days 

857 

FeaSia + (FeSi small) 

35-3 

29.96 

7 days 

856 

FeaSia 4- FeSi 

47-3 

33.40 

7 days 

856 

FeSi 4- (FesSia trace) 

24-3 

16.84 

7 days 

970 

alpha 

78-2 

18.69 

1 day 

968 

alpha 4“ FesSia 

23-3 

20.38 

7 days 

972 

alpha 4- FeaSia 

80-2 

22.12 

1 day 

958 

alpha 4- FeaSia 

35-3 

29.96 

7 days 

965 

FeSi 4" FeaSia 

47-3 

33.40 

7 days 

965 

1 

FeSi 4- (FeaSia trace) 

34— G 

25.06 

4K hr. 

! 

988 

FeaSia -f (FeSi small) 

33-G 

24.75 

2 hr. 

1020 

FeaSia + (FeSi small) 

35-J 

29.96 

hr. 

1150 

alpha -f FeSi 


In order to confirm this instability of the Fe 3 Si 2 phase at temperatures 
below 860° C., a series of alloys was heat-treated and the phases present 
determined by X-ray diffraction patterns, as indicated in Table 2. Alloy 
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No.'^24^(16.8^wt. per cent silicon) contains alpha + FeSi at 700° C., 
while it contains alpha + Fe 3 Si 2 at 850° C. and only alpha at 970° C. 
Alloy No. 35 (30 wt. per cent silicon) contains alpha + FeSi in addition 
to a small quantity of Fe 8 Si 2 at 700° C., while it contains FeSi + Fe 8 Si 2 
at 856° C. and 965° C. The presence of the small quantity of Fe 3 Si 2 in a 
number of the alloys after heating to 700° C. for one month indicated that 
the Fe 8 Si 2 phase decomposes very slowly into alpha + FeSi, The slow 
rate of the reaction is probably the reason it has not been observed in the 
thermal analyses of previous investigators. 

Stability Bange of FezSi 2 Phase— As previously stated, the Fe 8 Si 2 
phase is formed on cooling by reaction of alpha and FeSi phases (reaction 
A). The reaction temperature has been placed at 1030° C. by Haughton 
and Becker® and this represents the upper temperature limit for the stable 
existence of the Fe 8 Si 2 phase. 

It has been shown above that the Fe 3 Si 2 phase decomposes below 
850° C. (approximately) according to the same reaction equation (reac- 
tion A). Aji attempt was made to establish this lower decomposition 
temperature within narrow limits. In these experiments an alloy con- 
taining 25.06 wt. per cent silicon, which corresponds almost exactly to the 
theoretical composition of Fe 3 Si 2 (25.09 wt. per cent), was heat-treated 
as noted in Table 3. The samples marked were heated to 857° C. 
for six days in order to convert them to FeSi + Fe 3 Si 2 phases. The 
samples marked were heated for six days at 700° C. to convert them 


Table 3. — Determination of Lower Decomposition Temperature of 
the FezSi 2 Phase^ 


Sample 

No. 

Quenching 
Temperature, 
Deg. C. 

Observed Diffraction Patterns 
of Phases 

1R& 

857 

FeSi 4“ Fe 3 Si 2 

2R 

841 

FeSi + FeaSiz 

3R 

817 

FeSi + Fe 3 Si 2 + (a trace) 

4R« 

790 

FeSi + Fe 3 Si 2 + (« weak) 

5R 


a -f- FeSi Fe 8 Si 2 

IQ 

841 

a -I- FeSi + FesSia (strong) 

2Q 

817 

a + FeSi + (Fe 3 Si 2 weaker than No. 5Q) 



a + FeSi + (Fe 8 Si 2 weak) 

4Q 

770 

cc + FeSi + (Fe 8 Si 2 weaker than No. IQ) 

5Q6 


a + FeSi + (Fe 8 Si 2 weaker than No. IQ) 


® Alloy 34 containing 25.06 wt. per cent silicon was used to obtain these data. 

^ Nos. IR and 5Q were the original samples of each group, the others were sub^ 
sequently heat-treated (6 days) portions of the original samples. 

® Heated for 6 days at 857®, then 6 days at 841®, finally cold-worked and heated 
11 days at 790® C. 

Heated for 11 days at 790® C. 
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to alpha + FeSi phases, although this latter conversion was not quite 
complete. Portions of the samples treated at 857® and 700° C. were then 
heated for another six days at the temperatures indicated. (The speci- 
mens 4R and 3Q were treated somewhat differently; see Table 3.) It is 
evident from Table 3 that the decomposition temperature lies between 
817° and 841° C. and is probably close to 825° C. 

It may be noted that the occurrence of the X-ray diffraction pattern 
from the FeSi phase, but not from the alpha phase, in alloys 33 and 34 
(24.75 and 25.06 wt. per cent silicon respectively) at 841° C., 857° C., 
988° C. and 1020° C., indicates that the Fe 3 Si 2 phase contains somewhat 
more iron than is required by the theoretical composition of the compound 
(74.91 wt. per cent Fe). The exact amount of this excess has not 
been determined. 

It has also been observed that the decomposition of the Fe 8 Si 2 phase 
by|[^heating above 1030° C. is by no means rapid. In several cases two 
or three hours at temperatures of 1050° or 1060° C. had little more than 
started the decomposition. 

Determination op Solubility of Silicon in Iron 

The solubility of silicon in iron was determined by comparing the 
lattice constants of the alpha phase in the two-phase alloys with the 
lattice constants of the single-phase alpha alloys. According to this 
method, the lattice constants of the alpha phase in the quenched two- 
phase alloys are equal to the lattice constants of the alpha phase at the 
solubility limit for the respective temperatures from which the two-phase 
alloys have been quenched. The method implies, of course, that the two 
phases in the quenched specimens were in equilibrium at the quenching 
temperature and that no change occurred during quenching. 

In a previous publication^ the authors have shown that the plot of 
lattice constants vs. atomic per cent silicon is a straight line for the iron- 
silicon alloys containing from 9 to 25.8 atomic per cent (4.7 to 14.8 wt. 
per cent) silicon. This line was extrapolated to approximately 34 atomic 
per cent (20.5 wt. per cent) silicon in order to obtain the lattice constants 
of the alpha phase at the higher temperatures where the solubility is 
greater than the above limit. The lattice constants of the alpha phase 
in the two-phase alloys were determined as previously described.* 

The data on the solubility of silicon in iron are given in Table 4 and 
plotted in Fig. 1. This curve shows that the solubility of silicon in iron 
increases from 15.2 wt. per cent silicon at 600° C. to 20.4 wt. per cent 

* The original work was checked over the range important for this investigation 
by new samples of several alloys made in the earlier investigation. The agreement 
was well within the experimental error of the measurements. The lattice constant of 
alloy No. 24 quenched from 970° C. agreed fairly well with this curve, although the 
diffraction lines were too spotty for accurate results. 
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silicon at 1030° C. For the temperatures from 1030° to 1150° C. the 
solubility limit is approximately constant at 20.4 wt. per cent silicon. 
The maximum deviation of the points from the curve between 600° and 
990° C. is approximately 0.2 wt. per cent silicon. In the temperature 
range above 990° C. the solubility limit has been less definitely established 
than in the lower temperature range because the diffraction lines on the 
films are not sharply defined and, consequently, there is a lower degree 
of precision in the determination of the lattice constants. The solubility 
curve has been drawn with a discontinuity at 825° C. (16.6 wt. per cent 



Fig. 1. — Constitution of iron-silicon allots containing from 14 to 33.4 per cent 

SILICON. 

silicon) to correspond to the transformation that occurs at or close to 
that temperature.* A plot of the reciprocal absolute temperature 
against the logarithm of atomic per cent silicon gave sharply curved lines 
indicating that these solutions are far from ideal. 


* The large number of points concentrated at the temperatures 700°, 850° and 
960° C. resulted from the fact that the experiments reported in Tables 2 and 3 fre- 
quently gave films that were suitable for solubility determinations. It was thought 
to be of some general interest to demonstrate how closely results of X-ray determina- 
tions of solubility could be checked on alloys of different compositions and annealed 
for various lengths of time. Table 4 also shows that the presence of very small 
amounts of a third phase, indicating failure to reach finfll equilibrium, did not affect 
the solubility determination beyond the other experimental errors in this particu- 
lar investigation. 
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Table 4. — Solubility of Silicon in Alpha Iron 


Alloy 

No. 

Quenching 
Temperature, 
Deg, C. 

Heat 

Time, 

Hr. 

Number of 
Diffraction 
Lines 
Measmed 

ao for 
o£ Phase 

Solubility of Silicon 

Atomic 
Per Cent 

Weight 

Per Cent 

78 

590 

930 

7 

2.8185 

26.33 

15.20“ 

23-A 

600 

83 

6 

2.8183 

26.40 

15.25“ 

24-B-3 

697 

258 

6 

2.8178 

26.65 

15.45 

24-3 

700 

168 

7 

2.8175 


15.55 

24-4 

700 

820 

7 

2.8181 

26.54 

15.36 

78-3 

700 

168 

7 


26.68 

15.46 

78-4 

700 

820 

7 

2.8172 

26.95 

15.65 

23-3 

700 

168 

6 

2.8176 

26.77 

15.52“ 

23-4 

700 

820 

7 

2.8174 

26.83 

15.56“ 

80-3 

700 

168 

7 

2.8177 

26.68 

15.46“ 

80-4 

700 

820 

7 


26.77 

15.52“ 

35-3 

700 

168 

5 

2.8179 

26.62 

15.42“ 

35-4 

700 

820 

4 


26.95 

15.65“ 

2^B 

724 

85 

7 

2.8161 

27.45 

16.00“ 

34-3-1 

770 

1446 

6 

2.8156 

27.70 

16.16“ 

34-3 

790 

268*' 

7 

2.8159 

27.56 

16.06“ 

34-3-3 

817 

1446 

4 

2.8144 

28.30 

16.57“ 

24-6 

842 

70 

6 

2.8145 

28.25 

16.55 

24-D 

846 

65 

6 

2.8141 

28.45 

16.68 

24-3 

850 

149 

6 

2.8144 


16.57 

23-3 

852 

168 

6 


28.48 

16.70 

80-3 

852 

168 

1 ^ 

2.8147 

28.15 

16.48 

23-D 

874 

22 

6 

2.8142 


16.62 

80-2 

958 

24 

4 



17.95 

23-E 

962 

11 

4 


29.97 

17.70 

80-1 

972 

1.3 

3 



17.85 

23-1 

974 

1.3 

4 



17.75 

23~F 

992 

15 

4 



18.63 

33 

1110 

2.5 

4 

2.8028 

33.80 


35 

1150 

2.5 

1 


33.8 • 

20.4 


“ Not quite at equilibrium ; a small quantity of third phase, usually a barely observ- 
able trace, still present. 

‘ Prior treatment at 700° C. for 144 hours. 
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Discussion of Results 

The results of this investigation are shown in the constitutional 
diagram of Fig. 1. The transformation at 1030° C. was observed by 
Haughton and Becker. Murakami, who investigated less pure alloys 
than Haughton and Becker, placed the temperature of the same trans- 
formation at 1020° C. The transformation at 825° C. was observed in 
the present investigation. Above the 1030° C. transformation alpha and 
FeSi coexist. Below the 1030° C. transformation and above the 825° C. 
transformation there are two two-phase regions; namely, alpha -f Fe 3 Si 2 , 
and FeSi + FesSia. For temperatures below 825° C., alpha and FeSi 
coexist between the alpha solubility limit and the FeSi phase. 

It should be noted that the films from alloy No. 47 (33.40 wt. per cent 
silicon) quenched from 700°, 856° and 965° C. and alloy No. 35 quenched 
from 1150° C. show no diflPerence in the FeSi patterns. This means that 
within these temperature limits there was no detectable change in the 
FeSi structure.* 

The solubility of silicon in iron determined in the present investigation 
roughly parallels the limits reported by Haughton and Becker®, and by 
Murakami^. The limits given by Haughton and Becker are approxi- 
mately one weight per cent silicon lower at temperatures between 600° C. 
and 1030° C., while the limits given by Murakami are approximately one 
per cent higher at the temperatures between 600° and 950° C. than those 
observed in the present investigation. The differences between these 
several sets of determinations are very probably due to the slowness of 
the transformations in the solid state. 

SUMMAEY 

A portion of the iron-silicon phase diagram in the range 14 fco 33.4 wt. 
per cent silicon has been investigated by X-ray methods. 

It has been shown that the Fe 3 Si 2 phase, which forms by reaction 
between alpha and FeSi at 1030° C. (Haughton and Becker), also decom- 
poses at or close to 825° C. into alpha and FeSi. This Fe 3 Si 2 phase is 
thus stable only between 825° and 1030° C. 

The solubility limits of silicon in alpha iron between 600° and 
1150° C. have been determined. The results differ from those of previ- 
ous investigators. 

* The presence of traces of Fe 3 Si 2 lines on the films of this alloy (No. 47, quenched 
from 856° and 965° C.), which has a composition very close to the theoretical com- 
position of FeSi (33.44 wt. per cent silicon), gives rise to the suspicion that perhaps 
this phase also does not occur at precisely the theoretical composition. This point 
has not been investigated in detail. It may be observed that since Phragm5n^ 
has found the same type of phenomenon for FeSi 2 , this would make all three of 
the intermediary phases in the iron-silicon system “abnormal*' with respect to 
stoiehiometrical ideality. 
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Studies upon the Widmanstatten Structure, VIII — The Gamma- 
alpha Transformation in Iron-nickel Alloys 

By Robert F. Mehl,* Member, and Gerhard DERQE,t Junior Member A.I.M.E. 

(New York Meeting, February, 1937) 

The gamma-alpha transformation in iron and iron-rich alloys is of 
such practical and theoretical importance that many papers have been 
published upon the subject relating to critical temperatures, transforma- 
tion rates and accompanying property changes. Although crystallo- 
graphic studies are of less immediate practical usefulness, the opportunities 
which these offer to furnish data on the basic atomic movements which 
characterize the transformation are not to be neglected ^ The early 
work on the crystallography of this transformation has been reviewed in 
the fourth paper of this series^; since then several important papers have 
appeared. Our present knowledge may be briefly summarized as follows. 

Kurdjumow and Sachs, working with a 1.4 per cent carbon steeP, 
established the orientation relationships subsisting between the face-cen- 
tered gamma and the metastable tetragonal lattices in freshly quenched 
martensite, and between the face-centered gamma and the body-centered 
alpha lattices in tempered martensite. The orientation relationship 
observed in the latter case may be stated in terms of planes and directions 
observed to lie parallel in the two lattices : 

[110]y^[lll]a 

(This notation is used throughout as the most descriptive means of 
expressing the fact that any (111) plane of the gamma phase may be 
parallel to any (110) plane of the alpha phase, and that a [110] direction 
in a particular (111)7 plane is parallel to a [111] direction in the corre- 
sponding (llO)o: plane.) From these relationships the atomic movements 
that transform the gamma lattice into the alpha may be inferred. In 
the present experiment these may be considered as consisting primarily 
in a shear of the atoms parallel to the {111} 7 planes in [110]7 directions 
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and secondarily in a shear normal to this direction, together with an 
adjustment in interatomic distances; the operation of such shearing move- 
ments was postulated in the first paper of this series. 

It was then shown^ that the orientation of proeutectoid ferrite in 
hypoeutectoid iron-carbon alloys could be represented by a set of rela- 
tionships similar to those given above, though the precision of the work 
was not high; it was later shown that the orientation relationships between 
the gamma and alpha phases in pure iron could be represented by the 
same set of specifications, though the precision of this work was even 
lower^. The early X-ray work of Young® on the orientation of the 
kamacite (alpha) phase with respect to the taenite (gamma) phase in 
meteorites, and the later goniometric work of B0ggild® on the same sub- 
ject disclosed orientation relationships which could be represented by 
the same specifications though not with great precision. The orientation 
relationships between the alpha and beta phases in the copper-zinc sys- 
tem, and in other structurally analogous systems, were found to be simi- 
lar, owing presumably to the identity in the lattice types. Strangely 
enough, the orientation relationship between the gamma phase and the 
alpha in pearlite proved to be quite different, as shown by the relation- 
ship* 


[211]y^[110]a 

Similarly the orientations resulting from the eutectoid decomposition 
of the face-centered cubic beta phase in the copper-aluminum system 
were found not to be the same as those resulting from proeutectoid pre- 
cipitation of the face-centered cubic alpha phase®. 

Thus, apart from eutectoid decompositions, it seemed likely that the 
orientation relationships between the face-centered cubic and body- 
centered cubic phases, and thus the transformation mechanism, are 
determined only by the lattice types involved, and that these relationships 
should obtain generally in alloys of iron, provided that solid solution 
formation should not so far alter the relative interatomic distances in the 
two phases as to radically alter the geometrical relationships of the two 
lattices. Surprisingly, however, Nishiyama^® found a somewhat different 
set of relationships in an iron-nickel alloy with 30 per cent nickel trans- 
formed at liquid air temperatures, which may be stated as follows : 

{lll}7/{110}a 

[211]7/[110]a 

The atomic movements by which these orientation relationships may be 
generated can be resolved into a shear of the atoms parallel to the { 111 }7 
plane in the [211] direction. Recently Wassermann^^ has confirmed the 
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work of Kurdjumow and Sachs on martensite and that of Nishiyama on 
iron-nickel alloys. 

The alterations in interatomic distance may be suspected as the cause 
for a change in mechanism with increasing nickel content; in this case 
the type of mechanism should change at some intermediate nickel con- 
tent, but since the parameters of both phases are changed only very 
slightly (aoT is increased only 0.3 per cent by 30 per cent nickel) and in 
the same direction, the difference is insignificant and probably quite 
unimportant in determining the type of transformation mechanism. 
Furthermore, the initiation of ferromagnetism in the 30 per cent nickel 
alloy on cooling before the beginning of transformation might be pre- 
sumed so far to alter the elastic properties as to initiate a different mecha- 
nism. Dehlinger^^ as well as Wassermann^ has proposed that the 
substitutional solid solution of nickel in gamma iron may possess shear- 
ing properties different from those for the interstitial solid solution of 
carbon in gamma iron, as suggested by the occurrence of the transitional 
tetragonal lattice in the latter case and the absence of a transitional 
lattice in the former case. It is apparent that our understanding of 
transformation mechanisms will be enhanced if the fundamental cause 
for the change in mechanism is understood, or at least if the various 
conditions under which it appears are determined. 

The X-ray work of Young, which preceded that of Kurdjumow and 
Sachs and that of Nishiyama, was of a high order of accuracy with an 
estimated error of ±1° in orientation; the orientation determined by 
Young falls within 3® of the orientation showed by Nishiyama and within 
2° of that showed by Kurdjumow and Sachs, thus favoring the Kurdju- 
mow and Sachs relationship, though not conclusively. The data of 
B0ggild are likewise inconclusive — ^though favoring the Kurdjumow and 
Sachs relationship. 

In order to furnish more conclusive evidence on the orientation rela- 
tionships obtaining in meteorites and in artificial iron-nickel alloys of 
various compositions subjected to several types of heat-treatment, a 
series of experiments was performed which will be reported below. 

Orientation of the Alpha Phase in Meteorites 

A Canon Diablo meteorite with well developed and straight kamacite 
lamellae, reported to contain about 7 per cent nickel®, was selected for 
study.* Since the difference in orientation between the positions of the 
{110} poles in the Kurdjumow and Sachs relationship and the Nishiyama 
relationship is approximately only 5° (see Fig. 2), it will be evident that 
a distinction between the two relationships is possible only when the 
degree of crystal perfection is high. In order to obtain evidence on this 


* This structure is quite similar to that shown in Fig. 1, ref. 1. 
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point, the directions taken by a set of parallel kamacite lamellae on the 
surface of polish — the “trace directions” — were measured in an area 
10 in. square. When referred to an arbitrary reference line, the trace 
directions of a single set of 23 parallel lamellae showed a scatter of 3.6°. 
It is obvious that the angles of these trace directions could not be used 
to establish the orientation of the original taenite with high precision.* 
Furthermore, a precision back-reflection Laue determination of the 
orientation of the lattice in 14 kamacite lamellae in an area 2 by 6 in. 
showed no precise grouping of the {110} a poles. The diffraction spots 



Fig. 1. — Back-reflection Laue photogram op a kamacite plate in a Can on 
Diablo meteorite. Molybdenum target. Specimen to film distance of 
3 CENTIMETERS. 

on the back-reflection Laue photograms, however, showed the a-lattice 
within each of the lamellae to be of a high degree of perfection (Fig. 1). 

Despite the deviations from ideal orientations over large areas, it 
seemed possible that within a small area of the sample a precision deter- 
mination of the relative positions of the {110} a poles would afford a plot 
of poles showing distinct groupings which would allow a choice between 
the two relationships. 

Accordingly, an area IJ^ in. square was selected for study, and the 
orientation of 18 kamacite lamellae determined by the Laue back-reflec- 
tion method. The {110} a poles for each of these lamellae were plotted 
on a single stereographic projection, together with the approximate 
positions of the {lll}r poles determined by the trace directions of the 


The method is given in reference 1. 
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kamacite lamellae as indicated above. All of these data were then 
rotated into a standard unit stereographic triangle. The resultant pro- 
jection is shown in Fig. 2. It is evident that the { 110 } a poles are arranged 
in three distinct groups about the (111)t pole, though the determination 
of the { 111 }7 poles is only approximate. Fig. 2 shows also the predicted 
positions of the {110} a poles for the relationship of Kurdjumow and 
Sachs and that of Nishiyama, respectively. The Nishiyama relationship 
requires only two {llOja poles in the neighborhood of the (111)7 pole, 
whereas the Kurdjumow and Sachs relationship requires three; we may 
therefore conclude that the orientations of the a phase in this sample are 
more nearly in accordance with the relationship of Kurdjumow and Sachs 
than with that of Nishiyama. 


HO 


. . Fig. 2. — ^Unit stereographic triangle. 

Circle indicates the {110} a poles predicted by Kurdjumow and Sachs. 

Klhpse indicates the (110 la poles predicted by Nishiyama. 

Dots indicate the {110 } a poles determined experimentally for 18 kamacite plates. 

Oramma poles as designated. 

The scatter in orientations shows that the perfection of structure is 
not high. For this reason, Young’s results on only a few random lamellae 
are of no use in deciding between the two ideal relationships in question. 

Oeientation op Alpha Phase in Ieon-nickel Alloys 

The work of Nishiyama was repeated on an iron-nickel alloy contain- 
ing 31.36 per cent Ni, 0.70 per cent Mn, 0.03 per cent Si, prepared from 
electrolytic iron and nickel by induction melting in a magnesia-lined 
graphite crucible.* The alloy was annealed in hydrogen at approxi- 
mately 1400 C. for two weeks in order to grow large grains and inci- 

* This aUoy was supplied to us through the courtesy of Mr. Howard Scott of the 
Westinghouse Research Laboratories, Kttsburgh, Pa. 
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dentally to purify it by removing carbon, nitrogen and oxygen. The 
resultant alloy contained grains 5 mm. in diameter on a polished surface, 
which is large enough for the X-ray pole-figure work. Back-reflection 
Laue photograms showed the grains to be very perfect in structure 
(Fig. 3). 

As prepared, the samples were composed only of the y-phase. By 
trial it was found that treatment in carbon dioxide-acetone mixtures at 
—70° C. and in liquid nitrogen at —195° C., gave partial transformation 
to the a-phase, that the particles of the a-phase were suflSiciently coarse 


t 



Fig. 3. — Back-reflection Latte photogram op a grain of 31 per cent Ni 

IRON-NICKEL ALLOY. MoLTBDENXJM TARGET- SPECIMEN TO FILM DISTANCE 3 
CENTIMETERS. 

and the lattice of the a-phase suflSciently perfect to give individual diffrac- 
tion spots on Davey- Wilson films made on a Weissenberg camera. In 
each case appreciable quantities of the y-phase remained, thus permitting 
a simultaneous determination of the orientations of the y and a phases. 
The reflections obtained from samples transformed at --70° C. were fewer 
in number and more sharply defined. 

Thirty-one Per Cent Nickel Alloy ^ Transformed at —70° C. — Photo- 
grams of 13 grains transformed at —70°, containing both the a and 
y phases, were taken partly with FeKa radiation and partly with CvKa 
radiation. The data showing the relation of {llOja-poles to the y-orien- 
tations were plotted and rotated into a unit stereographic triangle. These 
show a rather considerable degree of scatter, doubtless owing partly to 
the changes of volume accompanying the transformation. To eliminate 
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this, samples were cut in plates 1 mm. thick and rods 1 mm. in diameter, 
and etched to 50 per cent loss in weight. The samples were immersed 



a b 

Fig. 4. — Davey-Wilson films of a partially transformed grain of the 31 per 

CENT Nl IRON-NICKEL ALLOY, COPPER RADIATION. 

a, stationary film; 6, oscillating film. 


in carbon dioxide-acetone at —70° only momentarily in order that only 
a small amount of the a-phase should form and thus that the distortion 

should be kept at a minimum. A 
typical set of Davey-Wilson films 
is shown in Fig. 4. The orienta- 
tions of the components in 13 
different grains were determined as 
before and the results plotted stere- 
ographically, as shown in Fig. 5.* 
The degree of scatter is still 
marked, and, as may be seen in 
Fig. 5 , a choice between the 
Kurdjumow and Sachs and the 
Nishiyama relationships is not pos- 
sible. In view of the perfection of 

^ the 7 -crystal and the sharp reflec- 

Fig. 5. — Stereographic projection j r xu 

OF ALPHA ORIENTATIONS IN 31 PER CENT Obtained from the o£-grains, 

Ni IRON-NICKEL ALLOY SAMPLES TRANS- it is Unlikely that all of this scatter 

FORMED AT —70° C. l. j x J* x x- 

Circle indicates tke {110} a poles pre- due to distortion arising 

dieted by Kurdiumow and Sachs. from the transformation. 

Ellipse indicates the {110} a poles pre- tx-xa jxi.xxi. 

dieted by Nishiyama. It is to be remembered that the 

Dots indicate the {110} a poles deter- Widmanstatten figure in the mete- 
mined experimentally. . . j. j* j i i i? j 

onte studied was probably formed 

at a relatively high temperature during extremely slow cooling, 

*In this and subsequent experiments the {100} a and {110} a poles were both 
plotted; only the {110} data are reported for the sake of brevity. 
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and that the sample studied by Nishiyama was transformed at 
liquid-air temperature. Thus, if we assume that the Kurdjumow 
and Sachs relationship obtains when the transformation proceeds 
at a high temperature, as shown by the present work on meteorites, 
and that the Nishiyama relationship occurs when the transformation 
proceeds at low temperatures, as shown by Nishiyama.^s work, we may 
accept the scatter shown in Fig. 5 as caused probably by a combination 
of the two mechanisms obtaining on transformation at an intermediate 
temperature. Remembering that the relationships of Kurdjumow and 
Sachs and of Nishiyama can both be described as shearing processes, it 
is not difficult to imagine that at 
these temperatures both types of ^ 
shear occur in a way analogous to 
double slip on plastic deformation, 
resulting in orientations which are 
intermediate between those pre- 
dicted by the two ideal mechanisms. 

It will be noted that the Kurdjumow^ 
and Sachs’ relationships in marten- 
site were created on transformation 
at a relatively high temperature; i.e., 
on quenching in water. If, then, 
it is demonstrated that in a single 
composition of these alloys the 
Kurdjumow and Sachs relationship of alpha okibntations in 31 per cent 
obtains when the transformation is iron-nickel alloy samples trans- 

_ _ , . , , FORMED IN LIQUID NITROGEN. 

effected at a high temperature, and 

the Nishiyama at a low temperature, a new and fundamental fact will be 
added to our knowledge of transformations. 

Thirty-one Per Cent Nickel Alloy Transformed at —195® C, — Thin 
samples, similar to those described above, were transformed in liquid 
nitrogen at —195° and photograms prepared of four different 7-grains. 
The stereographic plot of the results (Fig. 6) shows that the Nishiyama 
relationship obtains. 

Thirty-one Per Cent Nickel Alloy Transformed at 240° C. — Several 
grains in a 31 per cent Ni sample were transformed by annealing at 240° C. 
for six days,* producing a platelike microstructure, closely simulating 
the Widmanstatten figure in meteorites (Fig. 7). This microstructure is 
quite different in appearance from the martensite-like structure produced 
at low temperatures (Fig. 8). The X-ray orientation data (Fig. 9) are 
in close agreement with the Kurdjumow and Sachs relationship. Thus 
at 240° this alloy transforms in accordance with the Kurdjumow and 

* There are two temperature regions where the gamma-alpha transformation occurs 
rapidly^®. See also ref. 12. 



Fig. 6. — Stbreographic projection 
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Sachs relationship, at —70° it transforms with a mixed relationship, 
including both the Kurdjumow and Sachs and the Nishiyama, and at 
— 196° with a Nishiyama relationship. 



Fig. 7. — Grain of 31 per cent Ni iron-nickel allot transformed at 240® C. 

X 140. Nital etch. 



Fig. 8. — Grain of 31 per cent Ni iron-nickel allot transformed at —195® C. 

X 50. Nital etch. 

In order to study the effect of composition upon the orientation rela- 
tionships following transformation at different temperatures, a series of 
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iron-nickel alloys was prepared with 27, 28, 28.5 and 34 per cent Ni. 
Pure gamma could be retained by quenching to 0° C. only in alloys con- 
taining 28.5 per cent Ni or above — the 27 per cent and 28 per cent alloys 
partially transformed on quenching; alloys with more than 34 per cent Ni 
cannot be transformed within reasonable times at any temperature. In 
preparing these alloys, carbonyl iron and electrolytic nickel were melted in 
vacuo in high-purity alumina crucibles. The ingots, averaging 30 grams, 
were hot-forged in air and homogenized in hydrogen at 1100® C. for 
periods varying from three to seven days. They were finally heated 
to 1400® C. to permit the growth of large grains and then furnace-cooled. 



Fig. 9. Fig. 10. 

Fig. 9. — Stereographic projection of alpha orientations in 31 per cent Ni 

IRON-NICKEL ALLOT SAMPLE TRANSFORMED AT 240® C. 

Fig. 10. — Stbreographic projection op alpha orientations in 34 per cent Ni 

IRON-NICKEL ALLOT SAMPLES TRANSFORMED IN LIQUID NITROGEN. 

Circle indicates the {110} a poles predicted by Kurdjumow and Sachs. 

Ellipse indicates the {110} a poles predicted by Nishiyama. 

Dots indicate the {110}o: poles determined experimentally. 


The lower nickel samples were quenched from 250° C. into mercury 
at 0° C. 

Thirty-four Per Cent Nickel Alloy Transformed at —195° C. — Four 
different sections of the 34 per cent Ni alloy were transformed by immer- 
sion in liquid nitrogen, and a Davey- Wilson photogram made of one 
large grain on each sample. The data from these films (Fig. 10) show 
that the orientations are accurately defined by the relation of Nishiyama. 

Twenty-seven Per Cent Nickel Alloy, Furnace-cooled. — Quenching 
experiments failed to retain the y-phase of the 27 per cent Ni samples 
completely, and for this reason no attempt was made to study the trans- 
formation of this alloy in liquid nitrogen. One sample, however, was 
allowed to cool to room temperature in the furnace, whence developed 
the exceptionally regular Widmanstatten pattern shown in Fig. 11. The 
individual lamellae can be distinguished without magnification, and it 
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is believed to be the best figure that has yet been produced artificially in 



Fig. 11. — Widmanstatten figure in a slowly cooled 27 per cent Ni iron-nickel 
ALLOY. X 50. NiTAL etch. 

alloys of iron and nickel. The gamma orientation of this grain was 

determined by measuring the trace 
directions, and the { 110}a poles were 
found by the Davey- Wilson method. 
The plot of these data (Fig. 12) 
shows that the “alpha orientations 
can be described by the relation of 
Kurdjumow and Sachs. 

Twenty-eight Per Cent Nickel Al- 
loys . — The gamma phase of 28.6 per 
cent Ni alloys was retained com- 
pletely by quenching. Samples were 
subsequently transformed on one 
hand by heating at 250° for one 
week in an evacuated Pyrex tube, 
and on the other hand by momentary 
immersion in liquid nitrogen. Anal- 
ysis by the methods already described 
showed that the high-temperature 
transformation can be described by 
the Kurdjumow and Sachs relation- 
ship, whereas the low-temperature 
transformation requires the Nishiyama relationship. These data are in 



Fig. 12. — Stbreographic projection 

OF ALPHA ORIENTATIONS IN 27 PER CENT 
Nl IRON-NICKEL ALLOY TRANSFORMED BY 
SLOW COOLING. 

Circle indicates the {110} a poles 
predicted by Kurdjumow and Sachs. 

Ellipse indicates the {110} a poles 
predicted by Nishiyama. 

Dots indicate the {110} a poles 
determined experimentally. 
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complete agreement with those shown in Figs. 6 and 9; consequently, 
no additional figure is shown. 

Discussion of Results 

It has thus been shown that the orientations of the a-phase kamacite 
and the 7 -phase taenite in a meteorite with 7 per cent Ni exhibiting a 
Widmanstatten figure may be described by the orientation relationship 
of Kurdjumow and Sachs, and that iron-nickel alloys of higher nickel 
contents likewise exhibit this relationship when the a-phase forms on 
slow cooling or by reheating above room temperature. * When, however, 
these same high-nickel alloys transform at —195° C. the orientation 
relationships may be described by the mechanism of Nishiyama; at 
— 70°, which may be taken as an intermediate temperature, neither of 
these two mechanisms operates uniquely. Thus the orientation rela- 
tionships existing between the a and 7 phases in these alloys, and therefore 
the transformation mechanism, is one dependent upon the temperature 
of transformation alone, and not upon alloy composition. 

It follows therefore that the Kurdjumow and Sachs relationship, which 
previously had been observed only in high-carbon martensitic structures, 
does not depend for its occurrence upon the formation of a transitional 
tetragonal lattice characterizing the martensitic structure, as has been 
suggested^^'^ 2 , for despite careful search^^ no transitional lattices have 
been found in transformed pure iron-nickel alloys. It follows also that 
alterations in interatomic distance wdth solid solution formation or in the 
ferromagnetic properties, or differences in shearing properties between 
the interstitial 7 solid solution in the iron-carbon system and the sub- 
stitutional 7 solid solution in the iron-nickel system — or indeed of any 
property held a function of composition alone — cannot be effective in 
determining which of the two mechanisms shall operate. 

The occurrence of two modes of transformation in these alloys, one 
acting relatively vigorously at an elevated temperature and the other 
relatively vigorously at a low temperature with an intermediate tem- 
perature range in which the rate of transformation is very slow, is similar 
to the occurrence of the pearlite and martensite reactions in steel, as 
illustrated by the familiar Bain ^^S-curve”^®; this has been clearly recog- 
nized for some time^® though the crystallography of the two modes had 
not been determined. It will be noted, however, that the crystallographic 
mechanism operating in the pearlite transformation is not to be compared 
with either mechanism operating in the iron-nickel alloys. There are 

* It should be noted that the Widmanstatten figure found in meteorites is gener- 
ally assumed to have been formed during very slow cooling, that is, at a relatively 
high temperature, the occurrence of the Kurdjumow and Sachs relationship in the 
Cafion Diablo meteorite and the demonstration that this relationship obtains on 
transformation at high temperatures is confirmation of this assumption. 
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ao data available on the crystallography of the transformation in iron- 
carbon alloys between the martensitic point and the pearlite point ; the 
structures formed in this temperature range are acicular, resembling 
tempered martensite though not wholly^®. Wever* believes that a 
special reaction operates in this temperature range, a reaction leading to 
“cubic martensite.^’ To complete the study of the mechanism of the 
7 -a transformation, this structure should be studied. 

If we assume, on the basis of the present results, that the Nishiyama 
mechanism invariably operates at a temperature lower than that at which 
the Kurdjumow and Sachs operates we might expect to find it in iron- 
carbon alloys — or perhaps more likely in alloy steels — at temperatures 
lying below the martensite point, forming a second martensite point, and 
giving the “S-curve” three points of maximum reaction rate rather than 
two. Although temperatures in the neighborhood of — 195° are required 
to induce the Nishiyama mechanism in alloys with about 30 per cent Ni, 
it is possible that this mechanism might occur at higher temperatures in 
other alloys, and perhaps occur even during ordinary heat-treatment, f 

The atomic matching on the composition planes in the y and a phases 
in the Kurdjumow and Sachs relationship does not differ appreciably 
from that in the Nishiyama relationship, and thus atomic matching is 
of no use in attempting to understand the occurrence of one or the other 
of the two mechanisms. There is, however, an important difference 
in the type of shear in the two mechanisms. Nishiyama recognized that 
the shear required by his relationship — shear in the [211] direction — ^is 
the same as that which occurs in twinning, and that the primary shear 
required by the Kurdjumow and Sachs relationship — shear in the [110] 
direction — ^is that which accompanies deformation by slip. It may be 
generally true that deformation is chiefly by slip at high temperatures 
and by twinning at low temperatures^®, and that the operation chosen 
is the one that requires the lowest resolved shear stress at the temperature 
in question. If this be accepted, the selection of the Kurdjumow and 
Sachs relationship at high temperatures and the Nishiyama relationship 
at low temperatures becomes explicable, though the explanation is neces- 
sarily highly speculative. 


Summary 

1. The orientations of the a-phase in a meteorite with 7 per cent Ni 
and in iron-nickel alloys containing from 27 to 31 per cent Ni which have 

* See summary in ref. 8, p. 87 ff. 

t A. B. Greninger has reported^^ that /5-brass forms on a by the peritectic reaction 
according to the relationship of Nishiyama. Although this is a high-temperature 
reaction, the formation of jS from the melt does not depend upon shearing processes, 
and this is a special type of transformation, which should be distinguished from those 
occurring entirely in the solid state. 
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been transformed above room temperature can be described by the rela- 
tionship of Kurdjumow and Sachs: 

2. The orientations of the a-phase in iron alloys containing from 
28.5 to 34 per cent Ni, which have been transformed at —190°, can be 
described by the relationship of Nishiyama: 

(lU)y^(110)a 

[211]7/'[110]a 

3. The orientations of the a-phase in iron alloys containing 31 per 
cent Ni range between those predicted by Kurdjumow and Sachs and 
by Nishiyama when transformed at —70° C. 

4. The temperature of transformation rather than the alloy composi- 
tion or the occurrence of transitional lattices determines which mechanism 
shall operate. In the alloys studied in this investigation the Kurdjumow 
and Sachs mechanism operates at high temperatures and the Nishiyama 
mechanism operates at low temperatures. 
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DISCUSSION 

{Leland R. Van Wert presiding) 

L. W. McKeehan,* New Haven, Conn. — One thing that bothered me in reading 
and listening to this paper was the rather complicated set of symbols used to designate 
the two possibilities. I should like, if it could be managed, to devise a set of words 
that would describe these two briefly. If we consider the close-packed planes in the 
last two lattices, the first statement in each case is equivalent to saying all close- 
packed planes are parallel. If we consider close-packed lines in those planes, the first 
statement is equivalent to saying that close-packed lines are parallel and the second 
that they are perpendicular, so that a possible shorthand for the two cases is parallel- 
parallel (meaning close-packed planes are parallel and close-packed lines in those 
planes are likewise parallel) and parallel-perpendicular, with the same sort of significa- 
tion. Naturally, this simplification would not always work, but I think in this case, 
with all due respect to those whom the authors honored by the use of their names, it is 
easier to remember two orientations by a description of them, brief though it is, than 
by the names of the authors responsible for their description. 

Another thing that worried me was the pole figures showing the orientation of the 
kamacite in the second part of the paper. In the first part, a picture was shown in 
which all the data had been compressed in one of the triangles bounded by three 
characteristic directions, and in the latter part of the paper the data were spread over 
six such triangles. I think it would be better to convert all those data into one such 
triangle, so as to make the population of points higher at the critical regions. There 
is another difficulty with diagrams like these, which is no fault of the authors', and 
merely should be .called to the attention of those unfamiliar with them. If a pole 
figure has a boundary — ^in other words, is a partial figure — ^points will not cross that 
boundary; they will lie all on one side of it, and similarly at a corner, so that if we have 
an acute angle marked 111, all the points in the neighborhood must lie in this angle. 
This, of course, does not mean that they deviate all in one sense from the preferred 
position. 


* Director, Sloane Physics Laboratory, Yale University. 
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A. B. Greninger,* Cambridge, Mass, (written discussion). — I was considerably 
surprised to see the back-reflection Laue pattern shown in Fig. 1. The authors state 
that that photograph is typical of all the photographs of kamacite which they obtained. 
It seems remarkable that different pieces of the same meteoric fall would vary so 
greatly in the perfection of their structure, and if that is an established point, I think 
it is quite important because the Cafion Diablo fall was a cluster fall, I believe; that is, 
a large number of fragments fell at the same time. The fragments of this same fall 
that I have examined are very imperfect in structure. It seems possible, then, that 
the general scatter that is so prevalent in meteorites — it is a general rule, in fact, 
rather than the exception, for the kamacite to be highly scattered — ^may be pro- 
duced by the impact of the meteorites when striking the earth. I think that can be 
verified; if it can, it will be a very important addition to the knowledge we have of 
meteorites. 

I do not believe that the metallographic history of a meteorite can be described 
in such simple terms as the authors have used, although it does seem that from an 
orientation point of view we are dealing with a simple ex-solution of kamacite from 
taenite. However, there are other factors that should not be ignored. For instance, 
a large part of the life span of a meteorite is spent at absolute zero in its travel in 
interstellar space, and it is difficult to see how any taenite could be retained at such 
temperatures, which would necessarily have to occur if the kamacite precipitates from 
taenite at high temperature. I should also like to know what the authors think of 
VogeFs^® contention that meteorites must be considered as ternary alloys of iron, 
nickel and phosphorous, and the gross structure — ^that is, the kamacite banding — 
represents a primary crystallization structure. It is at once obvious, of course, that 
it is difficult to reconcile this hypothesis or conclusion of VogeFs with the orientation 
relationships, but it is also difficult to reconcile the metallography of meteorites with 
the metallography of the artificial compounds of iron, nickel and phosphorous, unless 
this first assumption is made. 

Another point that is quite important is the conclusion that different Widman- 
statten mechanisms may operate at different temperatures. I do not believe, how- 
ever, that the possibility of transition lattices has been eliminated. The reason I 
mention the point is that during the past year or two there has been so much attention 
directed to transition lattices and metastable diagrams, particularly in Germany and 
the Kurdjumow laboratory in Russia, There are also a few instances in recent Insti- 
tute publications where it has been found that the precipitating phase is often quite 
different from the “stable phase at that composition and temperature. For instance, 
the copper-zinc system has received probably more attention than any other alloy 
system, yet it was about six months ago that the first transition lattice was discovered, 
in the Kurdjumow laboratory — ^a tetragonal phase occurring between the body- 
centered and the face-centered cubic phases, and maintainable only at temperatures 
below zero. 

We have devoted considerable time and study to this transformation in brass. 
The structure shown in Fig. 13 is a 60-40 copper-zinc alloy quenched from the beta 
range to room temperature, and further cooled to 50° below zero in a special, low- 
temperature microscope stage. On cooling, the markings begin to appear. Fig. 14 
illustrates the same specimen cooled to about 100° below zero. It is possible to watch 
this transformation (through the microscope) and to observe the change that occurs 
as the temperature is lowered. There are at least three steps in the structural change, 
and at the very lowest temperatures the structure resembles martensite greatly. 


* Instructor in Metallurgy, Harvard University. 

R. Vogel: Ahhandl. der Ges. d. Wiss, zu Gottingen^ Math.-Phys. K,L. (1932) 3, 
pt. 6, 1-31. 
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Upon warming to room temperature, the entire structure disappears and the beta 
grains are as perfect as they were to start with. It is apparent that the copper-zinc 
and the iron-nickel diagrams are quite similar on the left-hand side, and of course it 
does not follow that there must therefore be a low-temperature tetragonal trans- 
formation in iron-nickel. But I believe there is a very good possibility of find- 
ing a tetragonal phase or some other transition phase in the iron-nickel system at 
low temperatures. 

Another possible complicating factor is the order-disorder change, which may or 
may not occur in the iron-nickel transformation. It does seem somewhat paradoxical 



Fig. 13. Fig. 14. 

Fig. 13. — 60-40 copper-zinc alloy. 

Quenched from 860® C. to room temperature, and further cooled (slowly) to about 
—50° C. and photographed at that temperature. 

Fig. 14. — Specimen op Fig. 13 further cooled to about —100° C. and photo- 
graphed AT THAT temperature. 

Original magnification 15; reduced reproduction. Oblique illumination. 

that in the two systems from which we have obtained most of our data on transforma- 
tions (the iron-nickel and the copper-zinc) it is very difficult, yet not quite impossible, 
to distinguish between order and disorder by X-ray means. 

However, there is one interesting example of a transformation in which we know 
order-disorder takes place — ^the interesting work of Graf^^ on the copper-palladium 
system. Grafts relationships between the face-centered cubic lattice and the body- 
centered cubic lattice are quite different from those between similar lattices in other 
systems. Grafts relationship is as follows: 

(001)a/'(113)^ 

[311]a/[100]^ 

This relationship is approximately the same as that which would obtain if the 
two lattices were placed parallel and one were rotated 30° about the threefold axis; that 
is, one-fourth of the distance required for a symmetry operation. 

I think, then, that tentatively, although the authors are quite justified in conclud- 
ing that transformation mechanism may be different at different temperatures, it is 


20 L. Graf: Kinetik und Mechanismus der Allotropen Umwandlung im System 
Palladium-Kupfer. Physik, Ztsch, (1935) No. 14, 489-498. 
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not wise to disregard or eliminate tlie possible influence that a transition lattice or an 
order-disorder change may have on the mechanism. 

G. Sachs,* Newark, N. J. — What is the real difference between the martensitic 
structure and the Widmanstatten stnicture? Also, is there any gradual change from 
one structure to the other ? Considering, for instance, alpha-beta brass, which develops 
structures very similar to steel, there seems to be a gradual change from one type of 
structure at low tempering temperatures to another at high temperatures. At low 
temperatures there is a very regular structure, which resembles that of martensite; 
and the chief characteristic of this structure seems to be that the crystals of the new 
phase develop at once to their finished size, and that the continuous transition. gives 
more and more of such crystals but does not change the size of these new crystals. 
But at somewhat higher temperatures, the first formed crystals are also very regu- 
lar, but later on they grow in size and become irregular. It seems to me that the 
martensitic structure of steel is somewhat similar in that respect, as the crystals 
develop at once to their finished size whereas the Widmanstatten structure seems to 
be a crystallographically grown structure. 

L. W. McKeehan. — I should like to revise one of my statements before Dr. Mehl 
takes it to pieces. Instead of such a simple description as “parallel-parallel,'^ or 
“parallel-perpendicular," I should like to change it to “parallel-closest-parallel," or 
^ ' parallel-next-to-closest-perpendicular. ' ' 

G. Deege. — ^We all appreciate, of course, Professor McKeehan's attempt to sim- 
plify the nomenclature, but I am afraid he has almost defeated his own purposes. It 
certainly would be pleasant if some simple way of describing various orientation 
relationships could be devised. 

R. F. Mehl and G. Deege (written discussion). — The properties of pole figures 
and unit stereographic triangles, which Professor McKeehan has pointed out, should 
always be kept in mind. However, we stiU prefer to record the data as in the paper. 
Where unit triangles have been used a large number of experimental points are being 
considered statistically and should therefore be concentrated as much as possible. 
Where quadrants are used, no attempt has been made at a statistical treatment, each 
individual point bears full weight, and we feel that the more complete symmetry of 
the quadrant helps one visuahze the meaning of these data. The ultimate result is 
the same by either treatment. 

Regarding Dr. Greninger's remarks, it is true that the back-reflection Laue photo- 
gram of Fig. 1 is a typical pattern. Films from about 50 different kamacite lamellae 
have been made and only two or three of these show an appreciably greater degree 
of imperfection. 

We studied a section of the Amalia Farms fall, South Africa, and foimd it to be 
highly imperfect. A short paper comparing the structures of the Canon Diablo and 
Amalia Farms specimens will be published soon in the American Journal of Science. 
Research with modem metallurgical methods undoubtedly would reveal a good deal 
about the past history of meteorites. 

A detailed discussion of the numerous speculations that have already been proposed 
by metallurgists would require a good deal of time. Vogel's suggestion is among the 
most interesting. Dr. Greninger has already suggested one of the strongest arguments 
against it. In addition, analysis has shown that taenite usually contains 34 per cent 
nickel or more and work on pure iron-nickel alloys has established very definitely 
that the gamma to alpha transformation is infinitely slow in alloys containing more 
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than 34 per cent nickel. The fact that taenite has been retained, even at absolute zero, 
for aeons of time can be explained by the simple iron-nickel diagram by this reasoning. 

The possibility that the transformation mechanism has been altered by transition 
lattices that occur only at low temperatures cannot be denied. However, such lattices 
have been sought very carefully in 30 per cent alloys with only negative results. 
Whether or not such lattices exist, our contention that the transformation mechanism 
is different at different temperatures is not altered. 

Dr. Sachs^ questions as to the real difference between “martensitic^' and “Wid- 
manstatten " structures and whether the transition between them is sharp or gradual 
are important questions, which physical metallurgists will have to answer sooner or 
later. We hope to do more work on these problems in our laboratory. At least a 
partial answer will be furnished when the eutectoid decomposition of a steel is studied 
crystallographically throughout the entire temperature range over which the reac- 
tion operates. 

The interest in this paper speaks well for the advantages of this type of research. 
The original problem was a crystallographic study of the transformation in an iron- 
nickel alloy. From this study information was obtained which has been applied to 
the purely philosophical subject of the history of meteorites and to the extremely 
practical subject of the reactions involved in heat-treating steel. 



Preferred Orientations Produced by Recrystallizing CoM- 
rolled Low-carbon Sheet Steel 

By M. Gensamer* and B. LusTMAN,t Members A.I.M.E. 

(Cleveland Meeting, October, 1936) 

A RECENT paper^ describe(i, by means of stereographic pole figures, 
the preferred orientations produced by cold-rolling low-carbon steel 
of automobile-body grade. It was found that the surface of the sheet 
exhibited a deformation texture significantly different from the texture 
possessed by the inside of the sheet. Efforts to produce the surface 
texture by bufl&ng a sample exhibiting the normal or inside texture, using 
a copper lap, have not been successful. In view of the data collected by 
Kurdjumow and Sachs^, it was suggested that the surface texture might 
be the result of partial recrystallization of the normal or inside texture. 
The recrystallization texture of cold-rolled mild steel was studied by 
Goss®, but he did not use the pole-figure method, so that his conclusions 
were in need of verification. For these reasons the work reported in 
here was undertaken. It had two objectives: (1) to study the general 
behavior of cold-rolled mild steel on recrystallization below the critical 
temperature Ai, and (2) to attempt experimentally a demonstration of 
the genesis suggested above for the surface texture in cold-rolled steel. 

The material was that used by Gensamer and Mehl, cold-rolled to 
97.5 per cent reduction in thickness. Fig. 1 is an X-ray pinhole photo- 
gram of this material, taken with the beam transmitted perpendicular 
to the plane of the sheet, using a molybdenum target at 35 kv. with no 
filter. It is typical of the inside texture, but in it the deformation 
texture is better developed than in the samples that showed a well 
developed difference between the inside and surface samples. Specimens 
from this sheet, which was 0.005 in. thick, were annealed for 5 min. at 
various temperatures in a lead bath. After about 0.0005 in. had been 
etched from both surfaces, X-ray photograms were prepared, using the 
technique described in the earlier papers 

Figs. 2 to 6 are photograms of the annealed sheet, at 566, 571, 577, 
580 and 650° C. (1050° to 1202° F.), in order. Fig. 2 shows that 5 min. 


Manuscript received at the office of the Institute July 13, 1936. 

* Assistant Professor of Metallurgy, and member of staff, Metals Research Labo- 
ratory, Carnegie Institute of Technology, Pittsburgh, Pa. 

t Graduate Student in Metallurgy, Carnegie Institute of Technology. Member 
since Feb. 16, 1937. 

^ References are at the end of the paper. 

501 



502 


PREFERRED ORIENTATIONS IN RE CRYSTALLIZED STEEL 


at 566° C. produced little change in the cold-rolling texture (photograms 
taken with the beam perpendicular to the plane of the sheet have been 
demonstrated to be most sensitive to the differences in texture produced 
by annealing and to the differences between the inside and the surface 
of the cold-rolled sheet). Fig. 3, for annealing 5 min. at 571° C., shows 



Fig. 1. — ^X-BAT PHOTOGRAM OF INSIDE OF SHEET. SAMPLE REDUCED 97.5 PER CENT 
BY COLD-ROLLING. No ANNEAL. 

Fig. 2. — Same material, annealed 5 minutes at 566® C. 

Fig. 3. — Same material, annealed 5 minutes at 571° C. 

Fig. 4. — Same material, annealed 5 minutes at 577° C. 

some difference. In Fig. i, for 577° C., this difference is better developed, 
and in Fig. 5 for 580° C. still better. Higher temperatures produced a 
gradual change culminating in the texture represented in Fig. 6, for 
650° C., which shows an almost complete elimination of features typical 
of the cold-rolled material and the development of a quite new texture, 
the tendency toward which is discernible as far back as 571° C. (Fig. 3). 
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Photomicrographs were prepared from these specimens, and may be 
compared with the original material, cold-worked 97.5 per cent (Fig. 7) . 
They show that some recrystallization occurred at 566® C. (Fig. 8) and 
was well developed at 580® C. (Fig. 9), although apparently not com- 
plete. At 650® C. (Fig. 10) recrystallization seems complete. Thus 
there is a nice correlation between the evidence of the X-ray method and 
microscopy concerning the progress of recrystallization, which of course 
has been shown before. 

There is no evidence for a completely random structure on recrystalli- 
zation at low temperatures, followed by the development of a recrystalli- 
zation texture at higher temperatures, as suggested by Goss®. In the 
work reported here a well developed texture exists at all temperatures 





Fig. 5. Fig. 6. 

Fig. 5. — Same matebial as Fig. 1, annealed 5 minutes at 580° C. 
Fig. 6 . — Same material, annealed 5 minutes at 650° C. 


below the critical Ai. The deformation and recrystallization textures 
are significantly different. Whether sheets possessing these different 
textures exhibit significant differences in anisotropy of mechanical 
properties has not yet been studied. 

None of the X-ray photograms produced may be considered to do 
more than resemble those for the surface texture of the cold-rolled sheet. 
But if allowance is made for the expected difference in grain size between 
the material recrystallized in the lead bath and the cold-rolled specimens 
(as shown by the relative size of the individual diffraction spots in the 
photograms), this resemblance is reasonable. If it could be shown 
through pole figures that the textures developed are the same, the second 
objective in this work might be considered accomplished. 

Stereographic pole figures were prepared for the samples annealed at 
580° and 650° C. All the pole figures in this paper are for the {110} 
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planes, with the plane of the sheet as the projection plane and with the 
rolling direction vertical. Fig. 11 is a {110} pole figure for the sample 
that was partly recrystallized by annealing for 5 min. at 580° C., for 
which temperature the photogram (Fig. 5) most nearly resembled that 



Fig. 7. — Sample reduced 97.5 per cent by cold-rolling, no anneal. 

Fig. 8. — Same materul, annealed 5 minutes at 566° C. 

Fig. 9. — Same material, annealed 5 minutes at 580° C. 

Fig. 10. — Same material, annealed 5 minutes at 650° C. 

AU X 500. 

for the surface texture in cold-rolled sheet. For comparison, the {110} 
pole figure for this surface texture has been reproduced from the earlier 
paper^, and is shown in Fig. 12, showing that the two pole figures 
are similar. 

Fig. 13 is a {110} pole figure for the sample annealed at 650° C. and 
apparently completely recrystallized. Fig. 14 is reproduced from the 
work of Kurdjumow and Sachs^, for comparison, and shows essentially 
the same result for electrolytic iron sheets ; this texture was characteristic 


M. GENSAMEK AND B. LUSTMAN 


505 


of samples recrystallized at any temperature below 840° C. It should 
be noted that the recrystallization texture (Figs. 13 and 14) may be 



Fig. 11. Fig. 12. 


Fig. 11. — {110} POLE piguee, milb steel cold-rolled 97.5 percent, annealed 
5 MINUTES AT 580° C. 

Fig. 12. — {110} pole figure, surface texture op mild steel gold-rolled 85 

PER CENT, NO ANNEAL. 



Fig. 13. Fig. 14. 

Fig. 13. — {110} pole figure, mild steel cold-rolled 97.5 percent, annealed 
5 minutes at 650° C. 

Fig. 14. — {110} pole figure op Kubdjumow and Sachs, electrolytic iron 

COLD-ROLLBD 98.5 PER CENT, RECRYSTALLIZED BELOW 840° C. 

considered to be derived from the deformation texture (Fig. 15 of the 
earlier paper^) by rotations of 15° both clockwise and counterclockwise 
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about the normal to the plane of the sheet, which is predominantly a 
[100] direction. This is in agreement with the work of Glocker^, but 
is not in agreement with the conclusion of Goss® that the two coexistent 
ideal orientations are related as are the parent crystal and its mechanical 
twin in the deformation twinning of alpha iron (Neumann band forma- 
tion). This twinning relation requires a rotation of 60° about a [111] 
direction, which is not consistent with the pole figures presented here. 
If the twinning mechanism plays any part in the genesis of the recrystalli- 
zation texture in iron, that part is still obscure. 

Summary 

From the data presented, the following conclusions seem justified: 

1. Cold-rolled mild steel exhibiting a well developed deformation 
texture recrystallizes with the formation of a recrystallization texture, 

2. At no temperature of recrystallization below the critical is there 
produced a random orientation of the crystallites (725° C. was the highest 
used in this work, but 840° C. was used by Kurdjumow and Sachs^). 

3. Glocker’s^ relationship between the deformation and recrystalliza- 
tion textures has again been substantiated, but no rationalization of 
the process is offered at this time. 

4. The pole figure for partly recrystallized cold-rolled mild steel 
agrees well enough with the pole figure for the surface of cold-rolled 
samples to lend support to the hypothesis that the surface texture may be 
produced by partial recrystallization of the texture characteristic of the 
inside of the sheet. 
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Preferred Orientations in Hot-rolled Low-carbon Steel 

By M. Gensamer* and P. A. Vukmanic,! Members A.I.M.E. 

(Cleveland Meeting, October, 1936) 

Only recently has it been realized that preferred orientations are 
common in hot-rolled steels. In a recent paper, N. P. Goss^ stated 
that hot-rolled mild steel exhibits a texture different from that charac- 
teristic of cold-rolled steel. No complete study of these hot-rolling 
textures has been reported using the pole-figure method of Wever. 

The material used in the work reported in this paper was the same 
material used by Gensamer and MehP in a recent study of preferred 
orientations in cold-rolled steel, to which reference may be made for 
the composition and thermal history of the steel. Automobile-body 
sheet bar thick was hot-rolled at two temperatures, 780° and 

910° C. (1436° and 1669° F.). These temperatures refer to the tempera- 
ture of the furnace in which the steel was heated; after each pass 
the steel was returned to the furnace and held there long enough to 
return to temperature. Although no accurate method was used to 
measure the temperature after each pass, it was estimated by color that 
only a slight drop in temperature occurred. In order to determine the 
effect of any preferred orientation that might have persisted through 
the normalizing treatment, one specimen at each temperature was 
rolled in the same direction as the original working direction and the other 
at right angles to it. The total reduction in each case was 85 per cent, 
the specimens having been reduced from 0.250 to 0.0375 in. in five passes. 
Final cooling was in air. 

Pinhole reflection photograms were taken of all four specimens, with 
the rolling direction vertical and the X-ray beam at an angle of 7° with 
the transverse direction (the transverse direction is defined as that 
direction in the rolling plane perpendicular to the rolling direction). 
These photograms, taken with a Mo target at 35 kv., are reproduced in 
Figs. 1, 2, 3 and 4. They show that a more pronounced texture was 
developed by the low-temperature rolling (780° C.), and that of the two 
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samples rolled at this temperature the one rolled parallel to the original 
working direction exhibited the better developed texture. This specimen 
was used in deriving the pole figure described below. Fig. 5 is another 
photogram of this specimen, taken by the transmission technique with 
the X-ray beam making an angle of 20° with the transverse direction 
and 90° with the rolling direction, and illustrating how well developed 
a texture exists in the steel rolled at this temperature (780° C.). Fig. 6 
is a similar photogram for the specimen rolled parallel to the original 
rolling direction at 910° C. 



Fig. 1. — Steel eollbd at 780® C. parallel to original working direction. 

Fig. 2. — Steel rolled at 780® C. perpendicular to original working direction. 
Fig. 3. — Steel rolled at 910® C. parallel to original working direction. 

Fig. 4. — ^Steel rolled at 910® C. perpendicular to original working direction. 


Fig. 7 is a photomicrograph of the specimen rolled parallel to the 
original working direction at 780° C. Fig. 8 is the {lio} pole figure 
prepared from this specimen; the plane of the sheet is the projection 
plane, and the rolling direction is vertical. The specimen was coarse 
grained (about 200 grains per sq. mm.). As a result the photograms 
taken with the beam nearly perpendicular to the sheet were spotty and 
difficult to interpret. For this reason some of the regions on the pole 
figure are indicated by dotted lines. The more heavily shaded of these 
regions are clearly required by symmetry considerations and agree well 
with the data from the photograms, but the evidence for the lighter 
regions within the dotted lines is less positive. 
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The pole figure derived resembles those obtained for cold-rolled mild 
steel, as exemplified by Fig. 9, which is taken from the work of Gensamer 



Fig. 5. — Steel rolled at 780® C. parallel to original working direction. 



Fig. 6. — Steel rolled at 910° C. parallel to original working direction. 

and Mehl^, It is not surprising that the pole figures are similar, for we 
have no reason to believe that the crystallographic mechanism of deforma- 
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tion for alpha iron is different at elevated temperatures®; and even though 
new grains formed by recrystallization at the working temperature should 

assume orientations consistent with 
the recrystallization texture re- 
ported by Gensamer and Lustman^, 
these new grains when re-rolled 
should promptly change their orien- 
tations by the same kind of rota- 
tions experienced in cold-rolling. 
It might be pointed out that this 
view is hardly consisten with the 
suggestion advanced by Gensamer 
and Mehl to account for the surface 
texture of cold-rolled steel. It 
might also be pointed out that the 
results of this work do not confirm 
the statement of Goss already 
referred to^; the hot-rolling and 
cold-rolling textures observed in 
this work are very similar. 

No pole figure was prepared for the steel rolled at 910°. The texture 



Fig. 8. {110} pole figure for mild Fig. 9. — {110} pole figure for mild 

STEEL ROLLEL 85 PER CENT AT 780° C. STEEL COLD-ROLLED 99 PER CENT. 


was hardly well enough developed, and indeed might have been inherited 

^ C. S. Barrett, G. Ansel and R. F. Mehl; Slip, Twinning and Cleavage in Iron 
and Silicon Ferrite. Amer. Soc. Metals Preprint, Cleveland Meeting, 1936. 

^ M. Gensamer and B. Lustman: This volume. 



Fig. 7. — Steel rolled at 780° C. 

PARALLEL TO ORIGINAL WORKING DIREC- 
TION. X 200. 
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from earlier rolling processes rather than developed during this rolling. 
It is well known that rolling tex tures may persist through annealing, and 
it is feared that such may have happened in these experiments, for the 
910® C. texture was better developed in the sample rolled parallel to the 
original rolling direction than in the one rolled transverse to this direction. 
Also, it is not quite certain that the temperature remained above the 
As critical temperature, so that the steel may have been deformed in 
the alpha condition rather than in the gamma, as was intended. Further 
experiments concerned with the effect of the phase change and rolling 
above the critical temperature are contemplated. 

Summary 

1. Mild steel rolled at 780® C. exhibits well developed pre- 
ferred orientations. 

2. Mild steel rolled at 910® C. exhibits a much less well developed 
texture. 

3. The texture developed at 780® C. closely resembles the texture 
developed by cold-rolling. This texture has been described by a stereo- 
graphic pole figure. 
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DISCUSSION 

{Kent R. Van Horn 'presiding) 

(This discussion refers also to the paper by M. Gensamer and B, Lustman, beginning 

on page 50) 

K. R. Van Horn,* Cleveland, Ohio. — ^The authors have reported that the type of 
preferred grain orientation in the interior of the sheet is different from that in the 
surface. Could these variations be attributable to the conditions of rolling — such 
factors as the roll diameter, roll pressure, tension applied to the sheet, rolling tem- 
perature, etc. — rather than the possibility of recrystallization? The effects of these 
rolling factors on grain orientation have received relatively little consideration. Many 
reports of the X-ray analysis of grain orientation in rolled products give no data on 
rolling procedure, and assume that the observed type of grain alignment is charac- 
teristic for the rolling process of the metal under investigation. Possibly the various 
types of preferred orientation obtained by rolling one metal might be explained if 
the roUing conditions of the various investigations were known. Certainly more 
exhaustive studies of these rolling factors should be initiated. 

Recently Prof. W. P, Davey, of Pennsylvania State College, made a notable 
start in investigating some of these factors. The results of a part of this study were 
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presented at the X-ray Session of^the American Society for Metals.^ The authors 
studied the effects of the percentage of reduction per pass, rolling temperature, and 
concentration of nickel in binary iron-nickel alloys on the type of preferred grain 
orientation produced during rolling. Although they found that these three factors 
seemed to have little influence on the type or degree of grain alignment, it is possible 
that variations in roll diameter and size and roll pressures may be important. Small 
rolls and roll pressures tend to effect the reduction during rolling by tension or a draw- 
ing action; and, in fact, sheet may be reduced entirely by tension. Large rolls and 
heavy roil pressures tend to reduce sheet by compression, and this condition would 
approximate a pressing or forging operation. It is to be expected that different types 
of preferred orientation would result when sheet is rolled under these two widely 
different conditions. Perhaps some of these factors might cause the variations in 
grain alignment observed by Messrs. Gensamer and Lustman. 

R. H. Hobrock,* Detroit, Mich. — Recrystallization is thought to require some 
minimum temperature, which for low-carbon steel is rather high. If I understand 
correctly, the author proposes to explain the difference between the orientations on the 
exterior and the interior of the sheet by proposing that the exterior had recrystalhzed 
during cold-roUing. If the energy to raise the temperature to the recrystallization 
temperature is derived from the plastic deformation of the metal during the rolling, it 
should be possible by considering the energy expended on the metal and the mass and 
specific heat of the metal to roughly arrive at a temperature value the metal might 
achieve. Has such an approximation been made? Or does the author believe that 
recrystallization can occur at quite a low temperature during the course of plas- 
tic deformation? 

N. P. Goss,t Youngstown, Ohio (written discussionj). — Gensamer and Lustman 
believe that recrystallization and deformation textures can only be completely deter- 
mined by the pole-figure method, as originally developed by Franz Wever. In my 
paper a different method was used, therefore the authors felt that my conclusions 
needed verification. I am not convinced that the pole-figure method is the only one 
possible, for it is easy to demonstrate that simpler methods based on some form of 
model representation is much easier to visualize and understand. The average metal- 
lurgist is not familiar with the pole-figure method and cannot picture just how the 
lattice cells are oriented and distributed in space. A model showing the ideal orienta- 
tions present, and accompanied either by a set of distribution curves or a suitable 
table showing the deviations from the ideal orientations, assumed under various 
conditions of working, heat-treatment, etc., would certainly be much easier to under- 
stand and more effective. Also, it should be remembered that the X-ray analyst 
is always endeavoring to convince the metal-working industries of the importance and 
value of this method. I am sure that if the X-ray diffraction methods employed in 
metallurgical investigations could be explained as simply and clearly as Professor 
Sauveur has explained the metallography of iron and steel, greater usage of the 
method would certainly follow. It would be of interest to know how many metal- 
lurgists can interpret the pole figures shown in this paper. Would it not be helpful 
to have a model accompany the pole figure; i.e., showing the ideal orientation and the 
statistical distribution or deviation from the ideal? 

I have used this method for many years, and I find that the metallurgist can under- 


® W. P. Davey and D. A. McLachlan: An X-ray Study of Preferred Orientations 
in Pure Cold-Rolled Iron-Nickel Alloys. Trans. Amer. Soc. Metals (1937).* ■ 
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stand it. What interests the metallurgist is the possible effect of grain orientation 
on the physical properties of the metals, and the X-ray method is unique in showing a 
definite relationship between the physical properties and preferred orientation of the 
grain structure. 

After all, the problem is to determine the orientations present and^heir distribution 
about the ideal, and their effect on the physical properties of the metals. That is the 
important thing, and the simpler the method of representation the better. 

In discussing my work, the authors referred only to the first paper, published in 
1929. Another paper was published in 1930.® Unfortunately, the authors did not 
know this. This paper showed that the new recrystallization texture is also developed 
below Ai. In repeating this experiment, the authors have drawn the same con- 
clusions. I also found that the other type of recrystallization structure is possible but 
does not occur as frequently. 

This recrystallization texture is developed only when the strip steel is given an 
area reduction in excess of 90 per cent. ' In a' specimen given an area reduction of 
98 per cent and heat-treated at 1000® F. the new recrystallization structure was 
found, but it was of interest to find that an annealing time of 15 min. did not com- 
pletely recrystallize the cold-worked structure. A longer time w’as required to 
completely recrystallize it. {Op, cit.. Fig. 5, p. 1242.) 

The authors find that annealing such strips at 1050° F. did not alter the cold-rolled 
texture. This is not surprising, since their annealing time was only 5 min. It would 
be interesting to see what effect longer time at temperature would have on their 
specimens. When I heat-treated my specimens at 1100® F. recr^’^stallization diagrams 
similar to the one shown in Fig. 5 of Gensamer and Lustman^s paper were obtained. 

One thing the authors have shown very nicely is the correlation between the 
X-ray structure and the photomicrographs of corresponding specimens. The X-ray 
is unique in that it shows the orientation texture; the photomicrographs do not show 
this, but the microscope shows other details not revealed by the X-ray. 

I do not believe the authors have demonstrated that this new orientation is not 
due to twinning on the {211} planes with the (211) planes in the rolling direction. 
GlockeFs analysis from an analytical viewpoint is correct, but he did not attempt to 
explain why this unusual structure developed. I have attempted to explain it, and 
found that when the cold-worked structure recrystallized twinning occurred on the 
1211} planes, and the (211) plane tended to coincide with the direction of rolling. 
Here we have a recrystallization twin, instead of the familiar mechanical twin due to 
shock. I also found that the {211 } planes and the { 100 } planes were strongly present 
in the surface, whereas the authors mention only the { 100 j plane as predominating. 

I do not understand why twinning on {211 } planes requires a rotation of 60° about 
a [111] direction. 

K. R. Van Horn. — In regard to Mr. Goss’s remarks suggesting that annealing 
twins should occur in iron inasmuch as they are prevalent in annealed alpha brass, 
there appears to be some evidence why this should not be true. Alpha brass has a 
face-centered cubic crystal structure and, similar to most face-centered cubic metals, 
forms the familiar straight-sides bands or twins within the grains after deformation 
followed by annealing. Apparently deformation alone cannot produce the twin 
markings in face-centered cubic metals or alloys. 

The hexagonal metals cadmium, magnesium and zinc form twins upon mechanical 
working or deformation. These twins have a spindle or acicular form, which is 
different in appearance from the annealing twin bands of the face-centered cubic 
metals. Deformed hexagonal metals do not form twin bands upon annealing. 

Iron has a body-centered cubic structure and forms twins of the mechanical, type 
and not the annealing type. This is typical of other body-centered metals. These 
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twins are referred to as Neumann bands, and are produced by the deformation of iron. 
It would seem, therefore, that the type of twin formation is related to the crystal 
structure of the metal and that annealing twins are not characteristic of iron or body- 
centered metals. 

N. P. Goss twritten discussion). — Gensamer and Vukmanic in their paper point 
out that very little has been published on the X-ray structure of hot-rolled steels and 
metals in general. During the past 10 years numerous industrial laboratories have 
carried out rather extensive investigations on hot-rolled metals, but the results were 
never published for public consumption. 

The specimens the authors used are not typical of commercial hot-rolled strip. 
Why did they not use the product of the continuous strip mills? These mills finish 
low-carbon steel above and below A3, depending upon the requirements. The X-ray 
diagram shown in Pig. 6 (p. 509) is not representative of a hot-rolled strip finished above 
As. Such strips (low-carbon steel) are usually characterized by a structure in which 
the grains are oriented at random. This procedure is followed in commercial rolling 
to obtain a strip that will not ear when deep drawn. On the other hand, the structure 
shown in Fig. 5 (same page) is often found in low-carbon strip steels finished at 
780° C., allowed to cool freely in air; however, if the strip is coiled at this temperature, 
partial recrystallization and grain growth may occur. Fig. 5 would suggest that the 
{211} and {100} planes lie in the surface of the strip. 

I found that the grain fragments in low-carbon hot-rolled and cold-rolled strip 
•steels are oriented with the [110] direction in the direction of rolling, but the distribu- 
tion of the lattice fragments or blocks varied considerably, depending upon the roll 
diameter, the amount of cold-rolling and hot-rolling above and below As. Grain size 
is still another important factor; however, the pole figures do not seem to show this 
very distinctly since they should show the distribution (variation) of the poles. 

Another fact must also be considered; if the hot-rolled strip is free of preferred 
orientation, and is cold-rolled, the fiber structure will differ from that made of a cold- 
rolled hot strip, which had a strong fiber texture to start with. The distribution will 
certainly be different, if all the other experimental conditions are kept the same. 

In hot-rolled rods, I found that the fiber structure is developed at right angles to 
the rod axis. (The reason for this is explained in the paper I have presented at 
this convention. 0 The reason for this cross fiber, as I have termed it, in hot-rolled 
rods is easy to explain if one considers the manner in which a rod is rolled from a 
billet (see page 656, Metals Hand Book, 1936 Edition). The last pass is oval to 
round. The reduction along the major axis of the oval is large, i.e., the working of the 
rod from oval to round may be considered to be an upsetting operation, with the result 
that a cross fiber is developed, with the “cross-fiber axis” parallel to the axis of the 
work rolls of the hot mill. In a hard-drawn wire, the fiber stnicture is developed 
along the wire axis and at random about the axis. 

The authors state that their results do not confirm mine, but they have confused 
hot-rolled strip textures with hot-rolled rod textures, to which they refer in my paper. 
Inasmuch as they did not study hot-rolled rod textures, in which I found the direction 
of “fiber axis” to differ from that of a cold-drawn wire, but in hot-rolled strips and in 
cold-reduced strip I found the fiber axis to coincide with the rolling direction, I 
therefore feel that the conclusions drawn by the authors in reference to my work are 
not justified. 

M. Gensamer, B. Lustman and P. A. Vukmanic (written discussion). — We wish 
to thank Mr. Goss for his long discussion. We do not think that at a meeting devoted 

'^N. P. Goss: Hot Working, Cold Working and Recrystallization Structure. 
Trans. Amer. Soc. Metals (1936) 329. 
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entirely to X-ray crystallography we need to apologize for using a method of presenting 
crystallographic data which has been standard with all crystallographers for many 
years, both here and abroad- When we add to this that the stereographic pole-figure 
method is capable of representing all the data in a manner that is as simple and easy 
to understand as a contour map, there is no excuse for not using it. All that Mr. Goss 
suggests that we do with a perspective drawing and a supplementary set of distribution 
curves or tables can be done stereo graphically. 

In order to simplify the interpretation, all we have to remember is that a stereo- 
graphic projection is just a map of the surface of a sphere. The stereographic projec- 
tion has been used by cartographers. It sometimes is used in our geographies and 
atlases, and it would be used more frequently if distances between points on the surface 
of the sphere were not distorted considerably in the projection. 

We are not among those X-ray analysts who are ^‘always endeavoring to convince 
the metal-working industries of the importance and value of this method.'' We think 
the X-ray diffraction and the stereographic pole-figure methods are being used almost 
as much as they need be. The pole-figure method should not be used unless the data 
are very complete, and seldom in industry do we stop to collect complete data. If we 
were trying to “sell" pole figures, we would replot our data to represent the orienta- 
tions of the cubic axes (losing reliability by inserting an interpretation between the 
data and its representation). Such a map, showing the directions of the ordinary 
cube edges, would be understood by everyone. But we have preferred to present the 
data as we found them, so that the reader may analyze them in his own way. 

In connection with the comments in our paper on Mr. Goss's work on recrystalliza- 
tion textures, we have said simply that we did not observe some of the things he has 
reported. We made no effort to recrystallize steel cold-rolled various amounts, nor 
under various conditions as to time and temperature. Our work was not intended 
to be a complete study of the effect of all these factors. 

As to his interpretation of this duplex recrystallization texture as a twin relation- 
ship, we have said simply that our pole figures are not consistent with this hypothesis. 
We have not been able to take half the pole-figure data and get the rest by performing 
the twinning operation. Professor McKeehan, I believe, has explained how rotation 
of 60° about a [111] direction will accomplish the same orientation change as the shear- 
ing deformation parallel to a {112} plane. The latter is probably the actual mecha- 
nism; the former is a convenient way to accomplish the same change in orientation. 

We did not use the product of a commercial mill in our hot-rolling studies because 
we wanted to know the rolling temperature. Fig. 6 is typical of J^-in. sheet bar. 
Fig. 5 may suggest that the {211} and {100} planes lie in the surface, but the texture 
can not be determined from one photogram. 

We thank Mr. Goss for putting us right about the interpretation of his brief com- 
ments on hot-rolled rods. We understood that the photogram he showed was 
obtained in any direction perpendicular to the direction of rolling. 

Dr. Van Horn has pointed out several of the variables in rolling which should be 
studied in connection with the effects we have reported; let us hope that someone will 
find time to do it. In answer to Mr. Hobrock, we are afraid that even an approxima- 
tion of the temperature reached is beyond our powers with the available data. 



Preferred Orientations in Iron-silicon Alloys 

By C. S. Barrett,* Member AJ.M.E., G. Ansel, f Junior Member, and R. F. 

Mehl,} Member 

(New York Meeting* February, 1937) 

It has been observed that deformation in iron takes place by slip on 
{110} + {112} + [123} planes^ but in silicon ferrite with low deforma- 
tion temperatures or high silicon contents (exceeding 4 per cent) the 
authors have found that slip is confined wholly to {110} planes, at least 
with small amounts of deformation. The purpose of the present inves- 
tigation was to determine the effect of this alteration of slip mechanism 
on preferred orientations in cold-rolled and recrystallized strips. Inci- 
dental observations on the effect of the recrystallization temperature 
were also made. 

The numerous determinations of the texture of cold-rolled iron and 
s,teel have been in satisfactory agreement as to the principal features of 
the texture (with the exception of a few conclusions that apparently have 
been based on insufficient data). The texture is chiefly one in which [110] 
directions of the grains lie along the direction of rolling, with a deviation 
of a. few degrees, and in which the (100) planes lie in the plane of the rolled 
sheet, with a deviation from this position chiefly about the rolling direc- 
tion as an axis®""®. 

This deviation about the rolling direction as an axis has been measured 
by different observers and lies between about 45® and 50® or 60® for iron®*®*® 
and -is usually in the neighborhood of 50® for mild steeP*"^*®. The range, of 
this deviation is a function of the percentage of total reduction®*^®. 
Post® reported that it decreases with increasing percentage reduction, but 
apparently he studied only the surface material, which Gensamer and 
MehF found to be somewhat differently oriented from the material in the 
inside of the sheet. McLachlan and Davey^° found that the deviation 
also decreases with increasing percentage of total reduction for the 
material in the interior of the sheet and is independent of the percentage 
of reduction per pass. 

The deviation about the cross direction as an axis (the direction in the 


Manuscript received at the office of the Institute Jan. 14, 1937. 

* Metals Research Laboratory and Department of Metallurgy, Carnegie Institute 
of Technology, Pittsburgh, Pa. 

t Assistant in Metals Research Laboratory, Carnegie Institute of Technology. 
t Director of Metals Research Laboratory and head of the Department of Metal- 
lurgy, Carnegie Institute of Technology. 

^References are at the end of the paper. 

516 



C. S. BARRETT, G. ANSEL AND R. F. MEHL 


517 


plane of rolling 90° to the rolling direction) varies®”^® under different 
conditions from about 20° to 6°, decreases with increasing percent- 
age reduction® and in the surface layers decreases with increasing 
roll diameter®. 

Exact comparisons between the results of different observers are 
meaningless, for the crystallites decrease in number with increasing 
deviation from the ideal orientation^®'^^, and the limit that is observed 
depends greatly upon the X-ray technique; e.g., length of exposure, use of 
white or characteristic radiation, reflection of the beam from the surface or 
transmission through the sheet, and grain size of the material. 

In addition to the principal orientations discussed above, there are 
other less prominent orientations that have been described in terms of 


Table 1. — Summary of Recrystallization Textures 
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Roll- 
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icrystallization 
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Rolling 

Direction 

Investigator 

Method 

Iron 

Above 600® C. 

(100) 

^15® from [Oil] 

Glockeri* 

X-ray 

Electrolytic iron and mild steel 

560® to 840® C. 

(100) 

-^15° from [011]) 





(111) 

[112] ( 
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X-ray, pole 



(112) 

<^15° from ( 

and Sachs® 

figure 




[110] ) 



Mild steel 

650® C. 
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and Sachs* ( 

Gensamer and 
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580° C. 

Slightly different fromT 

Lustman^^ 

figure 



K. and S.« ) 



3.05 per cent Si 

1100° C.® 

(100) 

[001] \ 


Optical, 


i 

(110) 

[001] / 

Ol&uUo 

(etch pits) 

3.5 per cent Si 

1093® C.« 

(110) 

[001] 

Bozorth^J^ 

X-ray 

2.07 per cent Si 

580® C. 

Similar to K. and S.* 

Present research 

X-ray, pole 

4.61 per cent Si 

590® C. 

Similar to K. and S.* 

Present research 

figure 

4.61 per cent Si 

860° C. \ 

Slightly different from K. 

Present research 


4.61 per cent Si 

1093® C. / 

and S.* and from Gen- 

Present research 



1 

samer and Lustman^^ 




<* With intermediate anneal (see N. P, 008815^1. 


ideal orientations® but that appear more consistent with the point of 
view® that the rolling texture is a superposition of a tension texture (the 
tension axis along the direction of rolling) upon a compression texture 
(the compression axis normal to the sheet). 

The addition of nickel does not alter the preferred orientations in 
rolled sheets within the ferrite range of compositions^®. This affords no 
information on the subject under discussion, however, for the effect of 
nickel on the slip mechanism of ferrite is unknown. 

The effect of the addition of silicon has not been reported in detail, 
though Sixtus^^ has stated that with 3.05 per cent silicon, 0.05 per cent 
carbon the structure is one with [100] at 45° to the rolling direction (which 
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would be consistent with the principal orientation in iron). This com- 
position is within the range in which the normal slip mechanism of iron 
operates and does not give information on the point in question. 

The preferred orientations found in cold-rolled material after recrystal- 
lization seem to depend greatly upon the details of the processing treat- 
ment, though some divergence in the results of different investigators may 
be ascribed to differences in methods of determining the textures. The 
results that have been reported for iron and alloyed ferrite are summarized 
in Table 1. None of the silicon compositions previously reported have 
been sufficiently high to provide the altered slip mechanism and thus to 
show its effect on the recrystallization texture. 

Experimental Technique 

Preparation of Alloys , — The alloys used in this investigation were 
prepared by the Allegheny Steel Co. Care was taken to produce speci- 
mens as nearly identical as possible except for the silicon content, with 
one composition in the range where {110} + {112} + {123} slip occurs 
at the rolling temperature, and another composition in the range where 
only {110} slip occurs. The compositions were as follows: 


C Mk P S Si 

Low silicon 0.066 0.19 0.017 0.021 2.07 

High silicon 0.068 0.19 0.019 0.019 4.61 


A 12-lb. ingot of each heat was forged to a bar by 4 in., then hot- 
rolled to 0.250 in. thickness. Specimens were then sheared into strips 
2 in. wide and given further treatment as follows: A strip of low-silicon 
alloy was heated from one hour at 898° C. (1650° F.), slow-cooled, and 
then cold-rolled to 95 per cent reduction. A strip of high-silicon alloy 
after being heated at 898° C. was air-cooled and then cold-rolled to 95 per 
cent reduction. The high-silicon material had to be heated to 149° C. 
(300° F.) for satisfactory rolling. All cold-rolling was carried out in the 
same direction as the hot-rolling and without intermediate heating. The 
rolls were 5 in. in diameter. 

X-ray Technique . — ^The specimens were ground and etched equally on 
both sides to a final thickness of 0.006 in., thus removing all material that 
might have a texture characteristic only of the surface. Pole figures were 
plotted from the intensity maxima on the white radiation (110) diffrac- 

Fig. 1. — Silicon, 2.07 per cent, rolled 95 per cent, beam normal to sheet. 

All photograms printed with rolling direction vertical, lengthwise of page. 

Fig. 2. — Silicon, 4.61 per cent, rolled 95 per cent, beam as in Fig. 1. 

Fig. 3. — Silicon 2.07 per cent, rolled 95 per cent, beam 80° from rolling 
DIRECTION, 90° FROM CROSS DIRECTION. 

Fig. 4. — Silicon 4.61 per cent, rolled 95 per cent, beam as in Fig. 3. 

Fig. 5. — Silicon 2.07 per cent, rolled 95 per cent, beam 90° from rolling 
DIRECTION, 60° from CROSS DIRECTION. 

Fig. 6. — Silicon 4.61 per cent, rolled 95 per cent, beam as in Fig. 5. 
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tion ring and the (200) white and Ka diffraction rings, using a molyb- 
denum target X-ray tube operating at 35 kv. The films were read 
independently by two observers and the resulting pole figures compared. 
Some of the recrystallized samples were of such large grain size that 
suitable patterns could be obtained only in a camera that provided for a 
shifting of the specimen parallel to itself to integrate the structure over a 
considerable area of the specimen. 

Confirmation of Altered Slip Mechanism . — By the strain-anneal method 
a number of large grains were grown in strips of the 4.61 per cent silicon 
alloy (after 95 per cent cold-rolling) and were investigated for the nature 
of the slip lines. The strips were given a metallographic polish and 
deformed by reversed torsion at room temperature, the method found to 
be most successful in the previous investigation of slip lines^ The slip 
lines thus produced were those expected from the previous study: they 
were very straight, almost without exception, and differed in appearance 
from the lines in iron or low-silicon alloys. The micrographic appearance 
so closely resembled the characteristic appearance of {110} slip in the 
high-silicon alloys of the preceding study (Figs. 7, 8, 11, 12, 13 of reference 
2) that there was no doubt that the 4.61 per cent silicon addition had been 
sufficient to alter the slip mechanism as intended. 

Results and Conclusions 

Cold-rolled Material . — Some of the diffraction patterns of specimens 
with 2.07 per cent and 4.61 per cent silicon, respectively, cold-rolled to 
95 per cent reduction in thickness, are shown in Figs. 1 to 6. The pole 
figures plotted from these photograms are reproduced in Figs. 7, 8 and 9. 
It will be seen from the patterns and the pole figures that the main features 
of the preferred orientations are identical in the two compositions. The 
only difference that much exceeds the experimental error is the difference 
in scatter about the rolling direction as an axis from the position in which 
[110] is parallel to the rolling direction and (100) lies in the rolling plane. 
The alloy of lower silicon content shows a scatter of 40"^ or 45° in each 
direction as contrasted with a scatter of 55° to 60° for the higher silicon 
alloy. The scatter about the cross direction is almost identical, but 
probably slightly greater in the low-silicon alloy. The pole figures show 
the same features as those for electrolytic iron® and mild steeF, a strong 
component corresponding to the ideal (incomplete) tension texture and a 
weak component corresponding to the ideal compression texture. These 
ideal textures are indicated in the pole figures by dot-and-dash lines. 

It might be concluded from these results that the slip plane is unimpor- 
tant in determining the deformation texture and that the slip direction, 
which most probably is unchanged by the addition of silicon, determines 
the texture. This conclusion is by no means certain, however, for after 
severe deformation the low-silicon and high-silicon alloys may have the 
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same slip mechanism. A second objection to this conclusion lies in the 
fact that in both low-silicon and high-silicon alloys the number of possible 


R.lk 



R.D. 

Fig. 7. 



RJ>. 

Fig. 8. 


Fig. 7. — {110} pole figuee foe 2.07 pee cent Si alloy cold-eolled 95 pee cent. 

All pole figures give ideal tension and compression textures as dot and dash lines. 
(White radiation.) 

Fig. 8. — (110} pole figtjeb foe 4.61 pee cent Si alloy cold-eolled 95 per 

CENT. (White radiation.) 


slip systems is great, and the operation of one set out of this number may 
not differ much from another in its effect on the lattice. 

Progressive Development of the Texture , — A search was made for a 
possible difference in the rate or manner of development of the final stable 
orientation, by making a series of 
exposures of strips rolled to reduc- 
tions of 60 to 75 per cent. The 
rolling of both high-silicon and low- 
silicon strips was done on the same 
mill used before, and the same tech- 
nique was used in preparing and 
X-raying the specimens. After hot- 
rolling to 0.232 in. they were held 
for 2 hr. at 815° C. (1500° F,), then 
cold-rolled to 0.093 and 0.058 in., 
respectively, for the samples reduced 
60 and 75 per cent. The high-silicon 
material rolled with difficulty, the 
edges and surfaces of the strip show- 
ing numerous cracks and lamina- 
tions. The patterns from these 
samples were spotty, owing to the large size of the grains before cold- 
rolling, but they permitted qualitative conclusions on the questions 
at hand. 



Fig. 9. — {200} pole figure foe 4.61 
PEE CENT Si alloy COLD-ROLLED 95 PEE 
CENT. 

Low-intensity region from Ka radi- 
ation; high-intensity regions from white 
radiation. 
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The two alloys did not differ much either in their rates of development 
of the final texture or in the range of scatter in the texture. In both low- 
silicon and high-silicon strips the fraction of crystals having the final 
orientation increased with the degree of rolling, and the range of scatter 



Pig. 10. — S.LicoN 2.07 per cent, rolled 95 per cent, re crystallized at and 
BELOW 580° C., BEAM NORMAL TO SHEET. 

Fig. 11. — Same specimen as Fig. 10, beam 90° prom rolling direction, 50° from 

cross direction. 

Fig. 12. — Silicon 4.61 per cent, rolled 95 per cent, recrystallized at and 
BELOW 590° C., BEAM NORMAL TO SHEET. 

Fig. 13. — Same specimen as Fig. 12, beam 90° from rolling direction, 50° from 

CROSS DIRECTION. 

around the rolling direction, if it changed at all, appeared to increase 
slightly rather than to decrease. 

Fig. 14. — Silicon 4.61 per cent, rolled 95 per cent, recrystallized at and 
BELOW 860° C., beam normal TO SHEET. 

Fig. 15. — Same specimen as Fig. 14, beam 90° from rolling direction, 50° from 

cross direction. 

Fig. 16. — Silicon 4.61 per cent, rolled 95 per cent, rbcrtstallizbd at 1093° C., 
BEAM normal TO SHEET. 
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Recrystallization Textures . — Strips of the cold-rolled material were 
recrystallized at various temperatures, then prepared for X-ray examina- 
tion, as before, by grinding and etching both surfaces. Specimens cold- 
rolled to reductions of 60 and 75 per cent had large and nonuniform grains, 
and produced patterns that as a rule were too spotty for the purpose of 
this study, but those reduced 95 per cent gave well defined patterns. As 
the samples reduced 60 and 75 per cent gave poor patterns that resembled 
in type (though less completely developed) the satisfactory ones from those 
reduced 95 per cent, only the experiments on the latter will be reported in 
detail. The recrystallization treatments for the 95 per cent material are 
listed in Table 2. The first two experiments in the table were designed to 

Table 2 . — Recrystallization Treatments 

Percentage of Silicon Recrystallization Treatment 

2 . 07 100° to 580° C. in 8 hr. and cooled at same rate. 

4.61 Same as above, followed by a second treatment from 100° 

to 590° C. 

4.61 100° to 860° C. in 8 hr. and cooled at same rate. 

4.61 Placed in furnace at 1093° C. for 2 min. and rapidly cooled 

in air. 


give recrystallization at the lowest recrystallization temperature (the 
4.61 per cent alloy required, in fact, a second heating to complete the 
recrystallization); the last experiment listed, on the other hand, was 
designed to cause recrystallization to occur entirely at a high temperature. 

Representative diffraction patterns from these experiments are shown 
in Figs. 10 to 16, inclusive, and pole figures for the first three treatments 
are given in Figs. 17, 18 and 19. The experiment of Fig. 12 was repeated 
on a specimen that had been ground and etched on one side only, thus 
leaving one of the surface layers. The pattern was identical with Fig. 12 
of the interior material. High-silicon and low-silicon alloys recrystallized 
below 600° C. differ but little in their texture. This indicates that 
recrystallization structures are not determined by the slip planes that are 
active at low degrees of deformation. Either they are related to the slip 
directions (which are presumably the same at all silicon compositions) 
instead of the slip planes, or the slip mechanism after severe deformation 
differs from the mechanism with small deformations. 

The influence of temperature on the recrystallization texture is shown 
in the pole figure for the higher temperature treatment (heating to 
860° C.) and in the patterns of Figs. 14, 15 and 16 for 860° and 1093° C. 
At these temperatures there are 12 definite (110) maxima on the patterns 
taken with the X-ray beam normal to the sheet, and the texture appears 
to be one of greater perfection than is produced at lower temperatures, 
although of the same general type. There is a possibility that the 
secondary recrystallization or new growth of grains noted by Wimmer and 
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Werthebach^® in iron-silicon alloys is responsible for the difference. This 
growth occurs at 1000° C. with sheets reduced 20 to 30 per cent, but 
possibly occurs at lower temperatures with more severely worked material 



JllX 

Fig. 17. Fig. 18. 

{110} POLE FIGURE FOR 2.07 PER CENT Si ALLOY COLD-ROLLED 95 PER CENT 
AND RECRYSTALLIZED AT AND BELOW 580° C. 

{110} POLE FIGURE FOR 4.61 PER CENT Si ALLOY COLD-ROLLED 95 PER CENT 
AND RECRYSTALLIZED AT AND BELOW 590° C. 

such as was used here. Their investigation did not include reductions 
over 30 per cent. 

The recrystallization textures obtained can be described as the result 
of rotating the rolled texture 17° each way about the normal to the sheet, 
or can be described equally well as 
the result of rotating the rolled tex- 
ture 20° each way about the direc- 
tions lying 35° from the normal to 
the sheet and 90° from the cross 
direction. The axes of rotation in 
the latter case coincide with [112] 
directions of a crystal in the ideal 
orientation. The .pole figures are 
hot greatly different from those 
published for electrolytic iron® and 
mild steel®*^, which have been 
described also in terms of rotations 
of the deformation texture (by 
±15°) about the normal to the 
plane of the dieet. 

The meaning of this relation is obscure. The fact that the [112] direc- 
tions, about which the deformation textures appears to be rotated, lie in 
a (110) plane and normal to possible slip directions in that plane is sugges- 
tive of Burgers’^® theory of recrystallization, but this theory is neither 
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Fig. 19. — {110} pole figure for 4.61 
PER CENT Si alloy COLD-ROLLED 95 PER 
CENT AND RECRYSTALLIZED AT AND BELOW 

860° C. 
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strictly applicable here nor does it explain these results when it is 
applied.* 

Pole figures for the cube planes of the recrystallized strips are impor- 
tant from the magnetic standpoint. These were not constructed from 
the films, but can easily be derived from the (200) pole figure for the cold- 
rolled material. If Fig. 9 is rotated 17° in each direction about its center 
the superposition of the two rotated figures will represent the principal 
orientations of the cubic axes in the recrystallized strips. The cubic axes 
will thus be found to cluster about the normal to the sheet and about two 
positions in the plane of the strip, approximately 28° and 62° from the 
rolling direction. 

The recrystallization texture is different from the one found by 
Bozorth^i in a 3.5 per cent silicon alloy prepared by Goss^^ and is different 
from those found by Sixtus^^ (see Table 1) in a 3.05 per cent silicon alloy. 
These two investigations, however, concern material that has received an 
intermediate anneal during the rolling process, whereas the strips discussed 
in the present paper were reduced 95 per cent after the preliminary hot- 
rolling and annealing. Differences of treatment of this sort are known 
to be critical in determining the magnetic anisotropy of rolled sheet (they 
are the subject of patents) and must have profound effects on the recrys- 
tallization orientation, possibly through their influence on the texture or 
the state of strain in the individual grains just prior to recrystallization. 
The mechanism underlying the relation between deformation and 
recrystallization textures remains one of the most perplexing problems of 
physical metallurgy. 

Summary 

1. Iron-silicon alloys of high and low silicon content, deforming, with 
low degrees of deformation, in the one case on {110} planes and in the 
other on {110} + {112} + {123} planes, but, so far as is known, deform- 
ing with the same slip directions, have practically the same preferred 
orientation after cold-rolling. The textures differ merely in the amount of 
scatter around the rolling direction as an axis. The textures resemble 
closely the textures previously reported for iron, mild steel and iron- 
nickel alloys. 

2. Progressive cold-rolling to increasing reductions in thickness does 
not decrease the scatter in orientation around the rolling direction as an 

* Burgers and his coworkers have found recrystallization textures formed from 
cold-worked single crystals that apparently are based on local curvatures of the 
lattice about axes in the slip planes normal to the active slip directions. In a crystal 
of the ideal orientation discussed here, the slip systems subjected to the greatest shear 
would not have their axes of local curvature in suitable positions to explain the recrys- 
stallization textures obtained, nor would a reasonable combination of these local 
rotations explain them. Burgers and Louwerse^® have concluded that local curvature 
is not an important factor in poly crystalline recrystallization textures.’ 
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axis; in both high-silicon and low-vsilicon alloys it increases the fraction of 
crystals having the final orientation. 

3. The addition of silicon in amounts sufficient to alter the slip mecha- 
nism does not alter the recrystallization texture of the cold-rolled strips, 
nor cause it to differ markedly from the textures for mild steel recrystal- 
lized at 650^ C., or from iron recrystallized in the range 550° to 840° C. 
The type of recrystallization texture was independent of the total per- 
centage reduction in thickness over the range investigated, 60 to 95 
per cent. 

4. The recrystallization orientation found in differently treated iron- 
sihcon alloys by Bozorth^ working with material prepared by Goss^^ and 
the orientations found by Sixtus did not appear in these specimens. 

5. Recrystallization at high temperatures produces a texture of slightly 
greater perfection than recrystallization at minimum recrystallization 
temperatures, but the general features of the texture are the same. 
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DISCUSSION 

(Edmund S. Davenport presiding) 

G. Sachs,* Newark, N. J. — Today the importance of such investigations as are 
carried out by Barrett, Ansel and Mehl is fuUy recognized. For example, the mag- 
netic properties of sheets in certain iron-nickel alloys can be fully understood only 
on the basis of the results of such investigations. But I am sorry that there is not yet 
any satisfying theory of these facts as simple as the plastic deformation of cubic 
crj^stals seems to be. One important result of this paper is that we cannot 
conclude from experiments on single crystals as to the behavior of the crystals in a 
sheet. For the above case the crystals containing silicon deform dijfferently from pure 
iron, whereas the sheets deform practically in an identical manner. On the other 
hand, we have found that in silver-gold alloys single crystals behave very similarly, 
whereas the texture in gold-rich sheets (copper type) is quite different from the 
texture in silver-rich sheets (brass type).i® Another important result of this paper is 
that there is not any full agreement between the results of different investigations 
on the same or on very similar material. At any rate this is not particularly astonish- 
ing, remembering how complicated such processes as rolling, drawing, etc., really are. 
The flow of material, the “ strain, depends very much upon the friction conditions 
which are effected by the shape, size and lubricant of the tools. We therefore have 
tried to find a purer state of stress and strain. Indeed, the process of deep-drawing 
cylindrical shells from a blank supplies suitable samples in this respect furthermore 
in such a shell there are manifold stress and strain conditions at different places. 
From the investigations of brass shells we concluded at first that the strain and not the 
stress was the important factor, For example, the compressed fibers at the periphery 

gave exactly the same X-ray pictures as the fibers at the bottom, pulled in two 
directions, regardless of their large difference in degree of deformation (namely, about 
50 and 20 per cent, respectively). On the other hand, a fiber deformed in the same 
manner as a rolled shept is supposed to be given a very different texture. 

To my mind, therefore, the reason for the unsatisfactory knowledge of this problem 
is that the behavior of the crystals in sheets depends very sensitively upon the external 
deformation conditions. The deformation process in single crystals is also in some 
cases not very regular; for example, at high symmetrical positions or at higher tem- 
peratures22 they show increased gliding possibilities. I would be interested to learn 
whether the authors have found any case in which the polycrystalline material gave an 
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unexpected result. This is the case for iron-nickel sheets, in which the texture can be 
quite different, depending upon the crystal orientation in the annealed state and the 
degree of deformation. ^3 

A. B. Greningbr,* Cambridge, Mass. — ^Have the authors made any plot of pole 
figures whereby the original deformation structure is changed by the operation of the 
four possible twinning positions in the cubic lattice? I think a welcome addition to 
the paper would be a pole-figure plot of this kind, which should give a clear picture 
of the possible influence of twinning on recrystallization structures. 

C. S. Barrett (written discussion). — Dr. Sachs summarizes our conclusions in a 
sentence that is apt to leave slightly the wrong impression; we do not conclude that 
the crystals in iron-silicon sheets have the 
same crystallographic slip planes as iron, but 
we do conclude that crystals in a sheet have 
the same slip planes as single crystals of the 
same composition. The final orientations 
obtained in the rolled sheets, however, are 
practically independent of composition. 

As Dr. Sachs points out, there are 
examples of cases where deformation tex- 
tures differ without a corresponding differ- 
ence in the slip planes; a familiar example of 
this is Schmid and Wasserman^s study of 
textures in drawn wires of different face- 
centered metals. Mr. Ansel and I have 
recently [found another example: the com- 
pression texture of 70-30 brass differs from 
the compression texture of copper, yet both 
have face-centered lattices and presumably 
have the same slip planes. Apparently 
there is no close correlation between defor- 
mation textures and the planes that operate 
as slip planes at low degrees of deformation. 

Dr. Sachs asks whether we have found 
any unexpected results in the recrystallized 
sheets as a result of intermediate anneals. We did not investigate the effect of differ- 
ent intermediate annealing treatments on the final recrystallization texture, chiefly 
because this problem seems to be a very complex one, and it did not appear likely that 
the complexities would serve as a basis for an understanding of recrystallization tex- 
tures. The problem has been investigated rather thoroughly in a number of industrial 
laboratories, I believe, and is the subject of patents. 

Regarding ^^unexpected results'' I think I should say that I do not know what 
would be called an unexpected result; in recrystallization structures, almost every- 
thing is unexpected. I am continuing with some experiments in the hope of finding 
some general rules of recrystallization behavior. 

At Dr. Greninger's suggestion, we are adding a pole figure of the orientations that 
would be generated from the deformation texture by twinning (Fig. 20). While 
there are some similarities between this twinned texture and the observed recrystalliza- 
tion textures, they are definitely not the same. For example, there is a minimum 



FORMED BY ALL POSSIBLE TWIN ORIEN- 
TATIONS IN A GRAIN HAVING [llO] PAR- 
ALLEL TO THE ROLLING DIRECTION AND 
(100) PARALLEL TO THE ROLLING PLANE 

(small circles). 

Shaded areas indicate deviation of 
twinned crystals from this position, to 
correspond with the deviations of the 
rolled crystallites f rom the ideal position . 


23 0. Dahl und T. Pfaffenberger: Metallvnrtachaft (1935) 14, 25-28. 
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24 E. Schmid und G. Wasserman: Ztsch, Physik (1927) 42, 779. 
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density of poles in the rolling direction in the observed pole figures, and a maximum 
in the twinned pole figure of Fig. 20. A similar disagreement occurs at the center of 
the pole figure. I do not see that there is any support for the twinning theory of 
recrystalhzation textures. 

This same conclusion was stated in the Transactions of the American Society 
for Metals (December, 1936, 24, page 1031), in a discussion on a paper by N. P. Goss. 
Mr. Goss did not agree, but apparently misimderstood the requirements of the twin- 
ning theory. He assumed that because the intensity maxima on his (211) diffraction 
rings agree with the predictions of the twinned structure, his patterns support 
this theory; he overlooked the fact, however, that other diffraction rings of the same 
films had intensity maxima which do not agree with the predictions of the twinning 
theory, and that all maxima must be accounted for if the theory is to be accepted. 


Si 



Oxide Films on Iron 


By Robert F. Mehl,* Member A.LM.E., and Edward L. McGANDLEssf 

(New York Meeting, February, 1937) 

Part I. Orientation Relationships in Oxide Layers 

Oriented overgrowths and intergrowths among both metallic and 
nonmetallic substances have been recognized and studied for well over a 
century. The work of Widmanstatten in 1808 on the geometrical struc- 
ture in meteorites, a structure known by his name, demonstrated that 
oriented intergrowths can occur in purely metallic systems. This fact 
led to much of the early microscopic study of alloys, contributing greatly 
to the advance of physical metallurgy. The problem has been attacked 
again in recent years in a comprehensive fashion, with the object of dis- 
covering what atomic movements may occur during phase changes in 
alloy systems. Much of this work has appeared in the A.I.M.E. Trans- 
actions in a series of papers published by Mehl and coworkers beginning 
in 1931h Although many aspects of this general problem remain 
unsolved, it may be said that the orientation of a new phase forming by 
precipitation from solid solution or by transformation invariably bears 
a unique relationship to the orientation of the phase from which it formed, 
and that similarity in atomic patterns on atomic planes in the two phases 
play an important part in determining the orientation relationship. 

Analogous orientation relationships exist in oriented intergrowths in 
nonmetallic systems — mineral or inorganic. In 1827 Haidinger^ dis- 
covered natural intergrowths of hematite and magnetite, and demon- 
strated that the rough form of the magnetite octahedrons was delineated 
by small crystals of hematite, of which the basal (00*1) planes lay parallel 
to the octahedral cleavage planes of the magnetite. The description of 
this orientation relationship was later completed by von Rath®, who 
showed that the edge (00T):(10T) in hematite lies normal to the [111] 
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direction in the (111) match plane of magnetite. Similar orientation 
relationships have been found in more recent years for other nonmetal- 
lic systems^’®'®. 

Oriented overgrowths were noted and studied as long ago as 1825^, 
when it was found that lead nitrate crystals occupy regular positions when 
deposited on alum, and also alum on boracite. This subject has been 
actively pursued in recent years, particularly by Royer^ and by Menzies®. 
In this case also similarity in atomic patterns on the planes common to the 
two phases plays an important and probably a predominant role in deter- 
mining the orientation relationships. Similar behavior has been noted in 
sputtered and condensed metallic films^°. This latter work is of particu- 
lar importance in metallurgy, for it has been shown that the lattice of the 
deposit adapts itself to that of the base — ^in aluminum sputtered on 
platinum this adaptation is extreme enough to alter the normal face- 
centered cubic lattice to a face-centered tetragonal lattice*. 

Reaction j&lms or layers present an especially interesting case. It was 
proposed by Tammann^^ in 1922 that reaction layers, such as oxides 
formed directly on metal crystals by reaction with gaseous oxygen, or on 
silver crystals in a similar way, are oriented with respect to the metal 
crystal, presumably owing to some crystallographic mechanism operating 
during the formation of the reaction layer. The work of Elam^^ 
formation of 7 -brass on i^-brass by reaction in zinc vapor, though not 
sufficiently complete to furnish the full details of the reaction mechanism, 
at least offered qualitative support for this idea. 

The formation of oxides on metals has great general interest. If it 
can be shown that oxides are oriented, and if the complete orientation 
relationships can be determined, the atomic-crystallographic mechanisms 
of oxidation may fairly be inferred^ Furthermore, the existence of such 
orientation relationships will imply the presence of atomic bonds between 
the oxide and the base metal; a study of these together with a study of 
the degree of strain induced by imperfection in lattice registry at the 
interface should contribute much to the study of the adhesion and 
stability of films on metals and thus to an understanding of the conditions 
under which films protective against oxidation and corrosion may form.t 


* It is quite possible that such lattice distortions — engendered by the tendency 
for lattices to adapt their atomic spacings to those of neighboring lattices at inter- 
faces ^may, at least in part, account for the properties of metal crystals in the neigh- 
borhood of grain boundaries and perhaps also in a minor degree along slip lines. 

t Pilling and Bedworth^^ showed that a metal that forms an oxide denser than the 
metal oxidizes at a rate that remains constant with time, for such oxide films crack 
during growth owing to the volume contraction, whereas a metal that forms an oxide 
less dense than the metal oxidizes at a rate parabolic with time, for no shrinkage cracks 
are formed and the metal can oxidize progressively only by diffusion of oxygen through 
the film, and since the amount of oxygen passing through the film must decrease with 
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For this purpose, the orientation relationships obtaining between the 
phase ^^FeO’’* and alpha iron, and those obtaining between the phases 
^^FeO^^ and re 304 were investigated t. 


Experimental Procedure 

Large crystals of alpha iron were prepared from hydrogen-purified 
Arnico iron by the strain-anneal method. The simplest method of pro- 
viding an oxide layer of a predetermined composition is to react iron with 
selected mixtures of hydrogen and water vapor at a selected temperature; 
any one of the phases “FeO,’’ Fe 304 and FesOs may be obtained as an 
equilibrium phase by the proper selection of gas composition and of 
temperature!. The pressure-temperature diagram of the Fe-H2-H20 
shows that pure ^'FeO^^ may be formed on iron by reaction with a 50:50 
mixture of hydrogen and water vapor at 750® C. This gaseous mixture 
was obtained by bubbling hydrogen through a water saturator operated 
in a thermostat within a temperature range of 75® to 85® C. with a control 
of 0.1® C. Four saturator towers filled with glass beads and containing 
water were connected in series to a hydrogen tank, with a spare tower 
between the saturators and the reaction tube to prevent the transport of 
water spray. The partial pressure of hydrogen in the resultant gaseous 
mixture is the difference between the partial pressure of water at a specific 
temperature and that of the pressure at which the whole system was 
operated; namely, 10 mm. of mercury greater than atmospheric. The 
composition of the gaseous mixture as analyzed invariably agreed with 
the calculated composition within 3 per cent. The equilibrium relations 
between iron and mixtures of hydrogen and water vapor are such that the 
compositions of the vapor mixtures generated in the saturation tempera- 
ture range used, with allowance for variations from the calculated com- 
position of the gaseous mixture, and for temperature fluctuations in the 
reaction chamber, could give the ‘^FeO” phase only. 


the film thickness, the rate of oxidation is proportional to the reciprocal of the film 
thickness and the curve of weight against time is thus parabolic. (See'summary given 
by U. B. Evans^^.) Little is known, however, about the factors that determine which 
of the latter metals should form very highly protective oxide films, such as those on 
chromium and aluminum. The present study may contribute information on this 
point, as suggested above. 

* The phase Wiistite commonly designated as FeO does not conform in composi- 
tion to this formula and is herein designated as “PeO.” See reference 14. 

t Preliminary announcement of the results of this work were made^®«^®. During 
the course of this work Finch and Quarrell demonstrated^^ that ZnO on zinc and MgO 
on magnesium possessed abnormal lattice symmetries owing to the requirement of 
lattice adaptation, and also showed orientation relationships. 

t The most recent work on the composition of the Fe-H2-H20 system is that by 
Emmett and Schultz i®. 
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The oxidation of the specimens was performed in a wire- wound furnace 
controlled automatically within ±10° C. The gaseous mixture was 
transported from the saturator towers to the reaction chamber by a copper 
tube heated electrically to temperatures above the saturator tempera- 
ture, in order to prevent condensation of water. Oxide layers consider- 
ably thicker than temper films were formed. 

The ^^FeO” phase is not stable below 570° C. — it decomposes there 
to form a-Fe and Fe304, each of which shows a solid solubility range. It 
was thus necessary to preserve the ^^FeO” phase by quenching so that 
its orientation could be determined at room temperature. Rapid 
quenching generated strains which caused the oxide film to spall or so 
greatly to distort that sharply defined diffraction spots could not be 
obtained. After many trials it was discovered that cooling of the 
specimen in a blast of nitrogen after moving the specimen to the cool 
end of the reaction tube preserved the ^^FeO'^ phase in a condition suit- 
able for X-ray analysis. 

The composition of the oxide film was confirmed by X-ray powder 
photograms taken with a Westgren-Bohlin camera on oxide built on iron 
strips in the manner described; the diffraction lines obtained agreed with 
those given in the literature for the ‘^FeO^^ phase. The orientation of 
the oxide layer was determined by a stationary-oscillating camera of 
the Davey-Wilson type. 

The orientation relationships between '^FeO^^ and Fe304 were deter- 
mined by X-rays, using a layer of “FeO ” formed on large natural crystals 
of magnetite with well developed octahedral faces by the technique 
described above. 

The crystal structures and parameters of these various phases at 
room temperature are as follows: Alpha iron is body-centered cubic, with 
ao = 2.86 A.; “FeO” is simple cubic of the NaCl type, with ao = 4.29 A.; 
Fe304 is cubic of the spinel type, with ao = 8.39 A.; Fe203 is hexagonal 
with parameters as given in references below.* 

Results 

X-ray photograms of the “FeO” layers on different single crystals 
of iron all showed the same orientation relationship, though most of the 
X-ray films were difficult to read because of the strained condition of the 
‘‘FeO’’ lattice. This relationship consists in a parallelism of the cube 
planes in a-Fe and in ^'FeO^' that lie nearest to the plane of the surface 
of the specimen, and in a parallelism of the dodecahedral direction in the 


* The sources of the diffraction data used are as follows : for FeO, Wyckoff and 
Crittenden 1®, and Hedvall®®; for Fe804, Wyckoff and Crittenden i®, Claasen^^ and 
Bozorth®*; for FeaOs, Hedvall®® and Harrington®*. 
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cube plane of a-Fe with a cube direction in the cube plane of ^^FeO.'^ In 
Miller indices we may write 

(001)»FeO’'ll(001)«.Fe; [OlOW'lRllOl^-Fe.* 

It follows that three orientations of ^^FeO^^ can form (all, of course, 
with the same crystallographic relationship to the a-Fe lattice) around a 
single crystal of iron, one for each cube plane in a-Fe, for on inspection it 
will be seen that the “FeO '' lattices formed on the three cube a-Fe planes 
are not continuous. On a sphere (or a cylinder), therefore, it may be 
presumed that the orientation chosen will change at some point midway 
between the cube faces. 

This orientation relationship suggests a very simple atomic-crystallo- 
graphic mechanism for the formation of the ^^FeO” lattice from that of 
a-Fe. The body-centered cubic lattice contains a face-centered tet- 
ragonal lattice with an axial ratio of c:a equal to l:\/2j as shown in 
Figs. 1 and 2. If, then, at the moment of the formation of ^'FeO^^ this 
face-centered tetragonal lattice should expand to a face-centered cubic 
lattice (therefore with an axial ratio of unity) there would be formed the 
face-centered cubic lattice of the iron atoms in ^^FeO.^^t The selection 
of any of the cube axes for this expansion process will lead to ^TeO” 
orientations differing from the first and from each other, thus producing 
three possible orientations of “FeO.^^ 

Thus, in atomic-crystallographic terms the process of oxidation is one 
in which oxygen atoms in combining with iron produce an elongation 
in the interatomic distances in that cube direction in alpha iron which 
lies nearest the direction of diffusion, in this way creating the face- 
centered cubic lattice of iron atoms which with the combined oxygen 
atoms forms the characteristic lattice of ^'FeO.'' These relationships 
are pictured in Figs. 1 and 2. 

The similarity of the atomic arrangements on the parallel cube planes 
in “FeO^^ and a-Fe respectively is shown in Figs. 3 and 4. The corre- 
sponding interatomic distances agree within 6 per cent. 

‘^FeO’^ grown upon the natural octahedral faces of magnetite was 
found to possess an orientation relationship in which all planes of the 
same indices in the two lattices are parallel; i.e., the two lattices are 
parallel. An example of an X-ray film taken for this case is shown in 
Fig. 5. The plot of atomic patterns on the cube planes in these two 


* This relationship seems to be the best that can be derived from the X-ray data. 
Other orientation relationships lying close to that stated might be derived from the 
data, but the observed parallelism of the cube planes in the two phases lying closest 
to the oxidation interface argues for that given. 

t Inspection will readily show that the iron atoms in the simple cubic lattice of 
^'FeO^^ form a face-centered cubic lattice with ao identical with that given for the 
lattice of ^‘FeO.” 
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lattices is shown in Figs. 6 to 9, and we may again note the close similarity 
in atomic pattern and in interatomic distances. The atomic spacings 
in the two lattices differ by only 2 per cent. The patterns of iron atoms 
on corresponding planes are only partly similar, while those of the oxygen 
atoms are completely so, which is evidence in favor of Gruner's theory^^ 



Fig. 1, — ^Lattice of body-centered cubic «-Fe, showing four unit cells with 

INTERPENETRATING FACE-CENTERED TETRAGONAL LATTICE. 


that oriented overgrowths are built up with a single plane of oxygen 
atoms serving both lattices. 

On a number of X-ray photograms of “FeO^’ layers formed on alpha 
iron, diffraction spots were observed, which were identified from their 
reflection angles as originating in Fe 304 , doubtless formed by partial 



Fig. 2. — ^Lattice of ‘^FeO'' with the unit face-centered cubic cell of iron 

ATOMS SHOWN INTERPENETRATING IN A LATTICE COMPOSED OF FOUR UNIT BODY- 

CENTERED tetragonal cells of axial ratio 1.414. 


decomposition of ^'FeO^^ during cooling. Stereographic plots of the 
corresponding ^'FeO^^ and Fe 304 orientations showed that the two cubic 
lattices were parallel, exactly as in the reaction layer described immedi- 
ately above. This observation is highly interesting because apparently 
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it is the first time that a fundamental similarity between overgrowths and 
intergrowths — ^Widmanstatten figures — has been demonstrated. If this 
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Fig. 3. — Pattern of iron atoms on cube 
(001) PLANE OF four UNIT CELLS OF 
'TeO.’’ 


Fig. 4. — Pattern of iron atoms on 
CUBE (001) PLANE OP FOUR UNIT CELLS 
OF CK-Fe. 



Fig. 5. — Duplex X-ray photogram — ^stationary film in Davey-Wilson 
METHOD — prepared BY SUPERIMPOSING PHOTOGRAM FOR “FbO” LAYER ON PHOTO- 
GRAM FOR MAGNETITE BASE TAKEN IN SAME POSITION. 

Identity in orientations is shown by same angular positions (when corrected for 
aero beam displacement) of diffraction spots of same indices. 
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identity in orientation relationships should prove to be general, a powerful 
tool will have been provided for studying the mechanism of lattice 
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Fig. 6. — Pattern of iron atoms on cube 
(001) PLANE OF FOUR UNIT CELLS OF 

“FeO.” 
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Fig. 7.- 
(001) 

—Pattern of iron atoms on cube 
PLANE of one unit CELL OF 
FE3O4. 
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Fig. 8. — Pattern of oxygen atoms on 
CUBE '(001) PLANE OF FOUR UNIT CELLS 
OF *‘FeO.’' 


Fig. 9. — Pattern of oxygen atoms on 

CUBE ( 001 ) PLANE OP ONE UNIT CELL OF 
rE304. 

Dotted circles show positions of iron 
atoms. 


transformation, for whereas the number of systems that form Widman- 
statten figures suitable for analysis is limited, the opportunities of forming 
reaction or diffusion layers is very great and the analysis of these rela- 
tively simple. 

As stated above, many workers have observed and solved the orienta- 
tion relationships in intergrowths and overgrowths in the system Fe304- 
Fe203. Gruner^^ has given a plot of the oxygen atoms on the matching 
planes, shown in Fig. 10 , which likewise show a close similarity in both 
the pattern and the interatomic dimensions of the oxygen atoms in 
the two lattices. 

We see, therefore, that in the a-Fe-^FeO’’ pair, the iron atoms show 
near coincidence on the interfacial plane, in the “Fe0’'-Fe304 pair there 
is only a partial similarity in the pattern of iron atoms but a complete one 
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for the oxygen atoms, and in the Fe304-Fe203 pair there is a complete simi- 
larity for the oxygen atoms and none for the iron atoms. 



Fig. 10. — Pattern of oxygen atoms on basal (UU.l) plane op FE2O8 (open circles) 
SUPERIMPOSED ON PATTERN OF OXYGEN ATOMS IN (111) PLANE OP FE3O4 (bLACK DOTS). 

No attempt was made to solve the a-Fe-Fe304 relationship, for though 
Fe304 can be formed alone as an equilibrium phase it is not certain that 
an intervening nonequilibrium diffusion layer of '^FeO,^^ however thin, 
might not form, thus robbing the experiment of its meaning. 

Part II. Temper Films and Eatbs of Oxidation of Single Crystals 

The fact that metals oxidize at different rates on different crystal 
faces has been recognized for many years, and put to practical use in the 
heat-tinting of polished metal surfaces for microscopic examination. In 
explanation of this phenomenon, Tammann^^ suggested in 1922 that the 
colors are due to optical interference at the inner and outer surfaces of the 
oxide film, that the crystal film responsible for this interference takes its 
orientation from the underlying metal crystals, and that the permeability 
of the oxide crystals to oxygen varies with orientation as the iron 
crystal varies in orientation. In 1930 Tammann studied the relative 
rates of temper color formation on differently oriented crystals of copper 
and concluded that the octahedral plane tarnished more rapidly than 
the cube, and that the dodecahedral plane tarnished somewhat more 
rapidly than the octahedral, but the description of the work was too 
brief to be of use to other workers^^ 

Eecently, W. H. J. Vernon^® made sensitive direct-weight observa- 
tions on the oxidation of iron foil, and noted some surprising phenomena. 
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The oxidation-time curves for oxidation at room temperature show two 
discontinuities, the first of which was attributed to the completion of a 
unit oxide lattice on the surface, and the second to the breakdown of the 
primary continuous film to a secondary granular film. The specimens 
of iron used, however, were polycrystalline and were polished only with 
emery, so that a detailed interpretation of the data is difficult. 

The nature of very thin oxide films on metals and of the course of 
oxidation has interested many investigators, of whom Tammann was one 
of the earliest. Of the many experimental methods used, direct weight 
measurements and temper-color observations have been used most fre- 
quently. If the direct weight method is used the weights of film cannot 
be calculated in terms of thickness, owing to the lack of complete knowl- 
edge concerning the composition of the film, and concerning the state 
of strain and thus the density of the film. The temper-color method 
suffers more severe limitations, as we shall see later. The direct weight 
method requires specimens in foil or sheet form; that is, specimens with a 
very high ratio of surface area to weight, and since such material in single- 
crystal form is difficult if not impossible to prepare, the application of the 
direct weight method in the study of the oxidation of different crystal 
faces is not feasible. 

It is important that the limitations of the temper-color or interference 
method be well understood. As suggested above, the chemical com- 
positions of thin oxide films are not known with certainty. When using 
either the weighing or the temper-color methods, previous investigators 
have, for example, arbitrarily assumed that the oxide film on copper is 
cuprous oxide in some instances, cupric in others, and that the film respon- 
sible for temper colors on iron is the magnetic oxide re304. Such assump- 
tions are difficult to justify on the basis of the constitution of the Fe -0 
system. 

Heindlhofer and Larsen^^ have shown that heavy oxide scales on iron 
exhibit the several oxide phases 'TeO,’' FesOi and Fe203 represented in 
the Fe -0 constitutional diagram at the temperature of oxidation. 

Evans^® succeeded in separating temper-color films from iron by anodic 
or iodine dissolution of the iron, and reported the presence of an opaque 
magnetic scale appearing below the transparent film on specimens show- 
ing two orders of temper colors, but this method of analysis may suffer 
from reactions between the oxide film and the solvent and from partial 
solution of the film. 

Smith^® performed similar separation experiments and found by 
electron diffraction studies that Fe304 is the predominating oxide; how- 
ever, the interpretation of electron diffraction data sometimes is still 
somewhat questionable. 

Rates of oxidation may be evaluated either in terms of rates of 
increase in thickness or rates of increase in weight. The temper-color 
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method attempts only to measure thickness, but the uncertainty con- 
cerning the composition of the film is nevertheless very serious in calcu- 
lating thickness from color. 

The temper-color method computes thickness on the assumption that 
the colors are caused by interference between the rays of light reflected 
from the inner and outer surfaces of the oxide film. For a particular 
wave length (color), the two reflected rays will be in phase when the 
optical path of the one ray through the film to the metal and back to the 
surface again is a multiple of the wave length. For the calculation of 
color into terms of thickness, however, it is necessary to know the refrac- 
tive index of the film; when this is not known the “equivalent air thick- 
ness only has been given by other workers, so that such results are purely 
relative. Furthermore, the refractive index will vary with wave length 
and also quite possibly with the state of strain in the film,* and obviously 
will vary also with variations in film composition, f 

It will be seen that the application of the temper-color method to 
polycrystalline metals is beset with a special difficulty. The old observa- 
tion that the different crystals in an aggregate exhibit different colors 
when heat-tinted is proof that the temper colors seen by the unaided eye 
are in reality average colors, composed of the individual colors of the 
individual crystallites. How far the disregard for this elementary fact 
vitiates published work in which thickness is computed frorh temper 
colors on polycrystalline metals cannot be said, for evidently the phe- 
nomena are extremely complicated. It may be said, however, that the 
study of temper films on single crystals is at least free from this objection. 

One further possible source of error in determining rates of oxidation 
at constant temperature must be noted. Constable^^ showed that at 
temperatures of oxidation at which one complete color sequence (the full 
temper-color spectrum) is formed in 2 min, the surface temperatures 
may rise above that of the specimen by 20° C. in copper, 50° C. in nickel 
and 90° in iron, when the oxidation is performed in stagnant air. Since 
the rate of oxidation increases rapidly with temperature, this can be a 
serious source of misinterpretation of data; it can be avoided either 
by correction — ^which would not be easy — or by the employment of 
temperatures at which the rate of oxidation is so slow that no appreci- 
able temperature rise can obtain. The latter procedure was followed in 
the present work. 

Despite the comphcations that attend the use of the temper-color 
method for measuring the film thickness, it was thought that temper-color 


* J. B. Nathanson^® has shown that the refractive index and density of manganese 
in fihns thin enough to exhibit temper colors differ markedly from the normal values. 

t Work is now underway in this laboratory on the direct determination of. the 
refractive index of temper films. 
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observations on single crystals, which are of considerable interest in 
themselves, might at least furnish qualitative data on the effect of orienta- 
tion on the rate of oxidation in single crystals; furthermore, it seemed 
possible that some relationship with the metal-oxide orientation relation- 
ships might be discovered. As stated in the first part of this paper, 
information on the factors influencing the rate of growth of oxide films 
on metal crystals should ultimately be of value in the study of oxidation 
and corrosion-resistant materials. 

Experimental Procedure 

The material used was for the most part hydrogen-purified Armco iron 
strip that contained large grains as a result of the purification treatment, 
and for special purposes hydrogen-purified mild steel in which very large 
crystals had been grown by the strain-anneal technique. 

The preparation of the surface was a difficult matter. The samples 
were alternately polished and etched slightly in order to minimize any 
effect that a flowed layer might exert. A cleansing program consisting 
of degreasing, rinsing and etching, even with many variations, was wholly 
unsuccessful, for it was impossible to form temper films of uniform color 
over the whole extent of a single crystal. The only technique of surface 
preparation that proved of any use was one involving a treatment of 
carefully polished specimens at 875^ C. in hydrogen that had been highly 
purified with respect to water vapor and oxygen. This treatment left 
the specimen surface very bright, wdth no trace of tarnish. Individual 
grains could just be distinguished by means of a very slight amount of 
'^etch glitter’^ left on the surface. How far the surfaces of the crystals 
departed from perfect planarity cannot be said, though the point may be 
important in this work; in this connection the experiments on cleaved 
crystals described below are pertinent. When the specimens were pre- 
pared as described it was an easy matter to produce temper films of 
remarkably uniform temper color. 

The orientations of grains sufficiently large were determined by the 
Davey-Wilson method or by the back-reflection Laue method, whereas the 
orientations of small grains were determined by the etch-pit method 
described by Mehl and Smith®^^ Thg accuracy of this method as used 
here was ±5°. 

Most of the oxidation experiments were performed in 1-in. Pyrex 
tubes surrounded by a constant boiling liquid. The vapor was recovered 
through a reflex condenser; the temperature of the oxidation chamber 
remained constant at the various temperatures to ±0.2° C. Ordinary 
air without purification was used for oxidation. 

Previous workers have usually identified the temper color by mere 
visual observation. This method is too susceptible to individual eye 
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sensitivity In an effort to identify the colors more definitely, the color 
of each film was compared to a standard, stepped color scale, prepared by 
depositing layers of barium stearate on a glass surface. The colors in this 
color gauge also originate from phase interference from the inner and outer 
surfaces of the film; the gauge consisted of 13 steps, each differing from 
its neighbor by six layers of monomolecular barium stearate, in the 
sequence 11, 17, 23 ... 83. The first layer showed a faint yellow tinge; 
successive steps followed the familiar color sequence throughout the first 
order of interference colors. The thickness of each monomolecular 

o 

layer is known to be 24.0 A. Thus it was easily possible to identify a 
film thickness in terms of color identity with a standard scale of thick- 
nesses of barium stearate, a feat that any observer can readily repeat.* 
All observations are reported in terms of arbitrary color numbers referred 
to the gauge described; thus, color 1 is that for the first step with 11 layers 
of barium stearate, color 2 is that for the second step with 17 layers, and 
so on. 

Results and Discussion 

All the data obtained are summarized in Figs. 11 to 14. The color 
numbers are plotted against the square root of the time of oxidation, since 
it has been generally assumed that oxidation follows a parabolic law relat- 
ing degree of oxidation with time, and if this is obeyed straight lines only 
should appear on the figures. The oxidation curves are not straight 
lines. The significance of this deviation is unknown: it may originate 
in a true deviation from the parabolic law, or it may indicate that the 
color of the temper films is not a true function of film thickness, owing to 
a complex dependence of refractive index of the films upon the thickness. 
It can only be said that the film with the larger color number has the 
greatest thickness on a given crystal, but since the orientation of the film 
with respect to the surface changes as the orientation of the iron crystal 
changes, it is not certain that comparisons of film thickness from color 
numbers for crystals of different orientations can be made. 

Fig. 15 gives the relative oxidation rates in air at 270*^ C. for single 
crystals cut with surfaces parallel to the three principle crystallographic 
faces; namely, (100), (111), (110). 

Figs. 11 and 12 show the rates of oxidation in air at 270® C. and 186® C. 
of a large number of crystal faces, the orientations of which are well dis- 
tributed, as shown on the unit stereographic triangle. It was thought 
that such a study would disclose gradual variations in oxidation rates as 
crystal orientation varied gradually, but this is not so; occasionally two 
crystals of nearly identical orientation gave widely different oxidation 

* The barium stearate gauge used was kindly supplied by Dr. K. B. Blodgett, of 
the Research Laboratory of the General Electric Co. Its preparation and properties 
have been described by Dr. Blodgett. 
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Fig. 11. — Oxidation curves for single crystals of iron of various orienta- 
tions, AS ILLUSTRATED IN UNIT STEREOGRAPHIC TRIANGLE. TEMPERATURE OP 
OXIDATION —270° C. 



Fig. 12. — Oxidation curves for single crystals of iron of various orienta- 
tions, AS ILLUSTRATED IN UNIT STEREOGRAPHIC TRIANGLE. TEMPERATURE OP 
OXIDATION -186° C. 
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rates, while crystals of widely differing orientations gave nearly identical 
oxidation rates. Also, the rates on two different crystals occasionally 



Fig, 13. — Oxidation curves for single crystals of iron of various orienta- 
tions, AS illustrated in unit stereographic triangle. Temperature of 
oxidation —140° C. 



Fig. 14. — Oxidation curves for single crystals of iron of various orienta- 
tions, AS illustrated in unit stereographic triangle. Temperature of 
oxidation —140° C. 

invert with time; that is, a crystal that shows a faster initial rate than 
another crystal may show a slower final rate. 
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Tammann** assumed that the different heat-tint colors on crystal 
grains originated in different thicknesses, which in turn originated in 
differences in rates of diffusion of oxygen through films of different orienta- 
tions. There is, however, no evidence that diffusion in cubic crystals is 
anisotropic^^; and, indeed, calculation— as shown in the appendix to this 
paper — shows that there should be none. In order to eliminate any ani- 
sotropy effect originating in a thin outer layer of hexagonal Fe203, 
specimens of high-purity iron were oxidized to the temper-color stage by 
heating in an atmosphere of hydrogen and water vapor, of such composi- 



Fig. 15. — Oxidation curves for three single crystals with the faces (111) 
(110) AND (100) EXPOSED. TEMPERATURE OF OXIDATION 268° C. 

tion and at such a temperature that re304 was the equilibrium phase and 
Fe203 could not form^®; differences in rates of oxidation on different faces 
were again observed, even though cubic oxide alone was formed. It is 
possible that different states of strain in the films on crystals of 
different orientations might alter the rates of diffusion, but even in this 
case some simple correlation with orientation should be observed which 
is not. 

The possibility that etch pits caused by hydrogen etching, which 
should show orientations on the surface varying with crystal orientation 
and thus give different effective or true surface areas in contrast to the 
apparent surface areas, lead to different rates of oxidation caused much 
concern. In order to study this point, large crystals were cleaved at 
liquid-air temperatures and the rates of temper-color formation deter- 
mined in the usual manner. These cleaved crystals show little or no 
distortion, though slight twinning could be observed. In accordance 
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with much previous work, the cleavage face was found to be the cube 
plane (100). The oxidation curves for temper-color formation on the 
cleaved crystals was then compared with similar curves for the same 
crystal face after the crystal had been put through the usual preparation 
of polishing and hydrogen treatment and found to be identical within 
one step on the Blodgett scale, which, of course, represents the order of 
accuracy in these experiments. 

Figs. 13 and 14 show data on the rates of oxidation at 140°. No 
relationship with orientation can be discovered. These two sets of 
curves show a mysterious change in slope at a film thickness corresponding 
to about the third step on the Blodgett scale ; the magnitude is consider- 
ably greater than the estimated maximum experimental error. It is 
possible that a change in the mechanism of oxidation occurs at this thick- 
ness, perhaps fostered by an accumulation of internal stresses at the 
relatively low temperature. 

There is nothing sporadic about the course of these oxidation curves. 
A given crystal repeatedly gave the same oxidation curve, within one 
Blodgett step, with intervening polishing and etching and hydrogen 
treatment. Temper films showing normal temper colors have been found 
in this work down to the lowest temperatures used, contrary to the find- 
ings of Vernon. 

The interpretation of the rates of formation of temper films should be 
considered in connection with the physical state of the oxide film. It was 
shown in the first part of this paper that stresses in the film must result 
from the imperfect lattice matching in the oxide reaction layers; the 
resulting strain will increase as the oxide film gro^vs thicker and ulti- 
mately should rupture the film, thus voiding any mathematical treatment 
of the process. The magnitude of this effect is not known, but some idea 
of the reality of the effect may be obtained from Fig. 16. Here it is shown 
that the amount of buckling of the film changes from crystal to crystal 
within the aggregate. The films showing the greater degree of buckling 
are probably the thicker films. Similar buckling phenomena have been 
noted on samples oxidized to a lesser extent. 

Some peculiar phenomena were noted in the formation of temper 
films on ^^“in. dia. cylindrical single crystals of decarburized mild steel. 
These were oxidized in air at 270°. It is evident that the orientation 
of the surface of such a crystal will vary continuously around the crystal, 
with the longitudinal axis of the crystal acting as the zone axis for those 
planes lying parallel to the surface. The temper films on a large number 
of these crystals were observed not to vary gradually from point to point 
around the circumference of the crystal as might be expected, but to 
exhibit longitudinal lines along which the temper color changed abruptly, 
as from a deep purple to a light yellow, whereas other areas showed a 
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gradually varying color from point to point. These lines of sharp demar- 
cation were invariably parallel to the longitudinal axis of the crystal. 
Though the orientations of these crystals were determined, no correlation 
with orientation could be found; the phenomenon is being studied further. 

Summary 

1. The orientation relationships obtaining between a-iron and the 
phase “FeO” formed upon it by direct oxidation, and between Fe 304 
and “FeO” formed upon it by direct reduction have been determined. 



Fig. 16. — ^Photomicrogeaph showing buckling op film. Iron oxidized in air 
FOR 6 HOURS AT 260° C. SlX TO TEN ORDERS OP TEMPER COLORS. X 100. 


These relationships provide a simple atomic-crystallographic picture 
of the mechanism of oxidation. The factors determining these orienta- 
tion relationships are discussed. 

2. The orientation relationships obtaining between and Fe 304 

formed from it by eutectoid decomposition are identical to those obtaining 
in oxidation layers; it is suggested that this may prove to be a general rule. 

3. The limitations in the various methods for determining the rate of 
temper-films formation are discussed. No valid method now exists for 
the determination of the true thickness of films on iron in the temper- 
color range. 
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4. The rates of temper-fiOlm formation were determined at several 
temperatures on a large number of single crystals of hydrogen-purified 
iron; the thicknesses are expressed in terms of colors equivalent to those 
displayed by a standard gauge of barium stearate monomolecular films 
of known thickness. A technique of surface preparation is described 
which gives reproducible temper colors on oxidation. 

6. Although reproducible results were obtained for crystal faces of a 
given orientation, no correlation of the rates with orientation could be 
discovered. The difference in the rates of oxidation are shown not to be 
dependent upon the technique of surface preparation or upon anisotropy 
of diffusion in the oxide layers. The rates derived are not parabolic on 
all crystals and show several irregularities. Micrographic evidence is 
given for the occurrence of severe stresses in these films. 

6. A mathematical treatment is given, which shows that diffusion in 
cubic crystals should be isotropic. 
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APPENDIX. — Mathematical Investigation of Anisotropy in 
Diffusion in Crystal Lattices 

The occurrence of a quantity representing the interatomic distance 
in both the Dushman-Langmuir^® and the van Liempt®®»®^ equations for 
diffusion suggests that diffusing atoms move only in certain directions in 
cubic lattices, presumably the distance of nearest approach of atoms. 
The following mathematical analysis is intended to show whether or not 
such a mechanism of diffusion should lead to a macroscopic anisotropy 
of diffusion in cubic lattices. 

Let us assume that the diffusion coefl&cient is the same for all directions 
in a family of directions; i.e., that in each of the six [110] directions the 
diffusion coefl5.cient is the same. Let us also assume that the number 
of diffusing atoms is a small fraction of the whole so that interference 
between atoms moving along competitive directions need not be taken 
into consideration. We shall also assume that the diffusion coefl&cient 
is independent of concentration, though our results will not depend 
on this. 

Pick's law states that the rate of transport of matter across any layer 
in a particular crystallographic direction is proportional to the normal 
cross-sectional area At, to the diffusion coefficient A, and to the con- 
centration gradient dc/dl measured along that direction. 
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Expressed mathematically, this becomes: 






ArDr 


fdc\ 

\^/i 


Ac 


A COS Oi * D[tivw] * COS 6 1 

^ s 

’ D[uvw} * COS^ 6i 


where the subscript i refers to directions in a particular family; e.g. [123], 
[123], [231] and so forth. Summing up these expressions for all the 
directions in the family { UVW} we obtain 



i 


AAc 


D{u 


cos^ di 


and summing up for all possible families of crystallographic directions, 
we have 

UVW i 

The problem now is to evaluate analytically the expression covered 
by the second summation sign. This can best be done by adding up the 
expressions for the squares of the cosines of the angles between the normal 
to the plane of the surface of the specimen [uvw] and all the directions in 
the crystal of a given family [UVW], The expression for the angle 
between any two directions [uvw] and [UVW] is given, for the cubic 
system, by 


cos di 


uU + vV + wW 


We can now proceed with the addition. Since the denominator will be 
the same for all directions of a given family, we can sum up the numerator 
for a given family separately. 

6 i Numerator op Cos® di 

uvw UVW ( uU +vV + wW)^ = + 2uvUV + 2vwVW + 2uwUW 

Uvw (-uU + + wW)^ = + «®72 + w^W^ - 2uvUV - 2vv}VW + 2uwUW 

VTW ( uU - vV + wW)^ = + vm + w^W^ - 2uvUV + 2vwVW 2uwUW 

UVW ( uU + vV wW)^ = -^v^V^ +w^W^ ■\-2uvUV - 2vwVW - 2uwUW 

UWV ( uU -\-vW + wV)i = 1*217® + ® 2 W 2 + w^V^ 

UWV (-1*17 + uTT + zo7)2 » ii 2 Cr® TF* + w?272 
17W7 ( uU -vW + 10 7)2 « 1 * 2 Cr 2 + 1 > 2 W 2 + 10*72 

J7TrF ( uU + vW - to 7)2 = + 1 ? 2 |P 2 + 10272 
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rLTPT ( uV + vU + wW)^ = 

VUW ( )2 = + vW ^ -f 

7T7F ( )2 = u272 + 

VVW ( )2 = uW ^ + »2172 + 


VWU ( 
VWU ( 
FWCT ( 
VWU ( 

PTC/r ( 
WUV ( 
prl77 ( 
i7crr ( 


)2 = ^2-pr2 + ^2PJ7-2 4- ^2t72 
)2 = 

)2 = ^42V’2 +2,2^2 4- u?2C/2 
)2 = ^ 2^2 4 - 2 , 2 172 4 - u ? 2 U -2 

)2 = 

)2 = 2^2]72 4- 2,2172 4. 

)2 := 242^72 4- 2,2172 4- 22,272 
)2 = 2*2 ]72 + ® 2 C 72 4. 2^272 


T77?7 ( )2 = u27r2 4- 2,272 4. 

T77I7 ( )2 = u 2]72 4. 2,272 4. 2i,2t72 

T77U . ( )2 == 2^27^2 4. 2,272 4. 2^,2172 

WVlj ' ( )2 = U2P72 4- 2,272 4. 24,2172 


Numerator 


? 


cos2 di = 8u2C72 + 82)272 + 8u)2T72 + 8u272 4- 82)2^2 + 8u2|72 4- 82^2172 4. 8»2T72 

+ 82/2272. 


The denominator of ^ cos^ is this out, 

i 

we obtain 

^2)72 + ^272 _|. ^2772 + ^272 ^ ^2772 4- ^ 2 JJ 2 4_ 2;2772 4. ^2^/2 4. ^2)72 

which is identical with the algebraic term in the numerator. The sum- 
mation thus reduces to the form 


dW 

dt 



which is a constant, independent of u,v,Wj UjV,W. If we now wish to 
assume from a consideration of the microscopic mechanism of diffusion 
that the diffusion coefficient has values J5(ii2}, J5{iio},‘ . • . in the crys- 
tallographic directions {112}, {110}, . . . , we have as the equation for 
the transport of matter across the crystal the expression 


dt 


8AAc 

s 


iD{ii 2 ] + D{iio} + 


) 


which is entirely independent of the orientation of the crystal [uvw]. 
Thus we have proved the theorem that although diffusion may be aniso- 
tropic on a microscopic scale, it must be isotropic on a macroscopic scale 
in the cubic system, owing to the symmetry of the cubic crystal system. 
The above mathematical treatment has been carried out for the hexag- 
onal system far enough to show that all the expressions are much more 
complicated, and that a series of asymmetrical terms come into the 
equations which do not cancel out, as did the cross multiplication terms 
in the above. 
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DISCUSSION 

{Bradley Stoughton presiding) 

B. Stoughton, * Bethlehem, Pa. — ^Any fundamental data, even the beginning of 
fundamental data on formation of oxide films, touch several very practical and inter- 
esting problems, among which I might mention scaling, decarburization, corrosion 
protection, adherent films as against films that clear off, and so on. In addition, we 
have here an exceedingly interesting example of the application of a new method of 
test of the problem. 

J. B. Austin, t Kearny, N. J, — I should like to ask Dr. McCandless two questions. 
In the oxidation of iron in an atmosphere which gives Fe 304 as the stable oxide phase, 
is a layer of FeO formed first or does the Fe304 form directly on the iron? Has he 
made any measurements of the reflection of polarized light by these films ? Tronstadt , 
who developed this method for films formed in water, claims that it gives an indica- 
tion of both the thickness and refractive index of the film, and it would be interesting 
to learn what information the method yields on films formed by oxidation in air or 
a controlled atmosphere. 

The use of Blodgett scale is very clever and the authors are to be commended for 
their ingenuity. 

U. R. Evans, { Cambridge, England (written discussion). — The authors^ work 
promises results of fundamental value if the method of measuring film thickness can 
be improved. They will not, I am sure, regard it as unfriendly if certain points are 
indicated, which seem to require attention. 

The use of temper colors as measures of thickness involves two sources of error. 
First, refractive index alters with wave length, and the ratio of the thickness of the 
oxide films to that of the reference films (whether hir or barium stearate) will not be 
constant. Secondly, while the thickness of the film may, under favorable circum- 
stances, fix the center of the absorption band, it does not necessarily fix the color pro- 

* Consulting Metallurgist; Professor of Metallurgy, Lehigh University, 
t Research Laboratory, U. S. Steel Corporation. 
t Metallurgical Laboratories, Cambridge University. 
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duced. A broad absorption band and a narrow absorption band, having their centers 
at the same wave length, will not, in general, confer the same sensation to the eye. 
Thus the color sequence given by oxide films on metals (where the band may, under 
favorable conditions, be reasonably narrow) differs from that given by air fiilms between 
glass (Newton rings colors). For instance, in the Newton rings a green occurs at 
the end of the first order, because the second absorption band enters the blue region 
of the spectrum before the first has left the red. On metals, owing to, the smaller 
breadth of the bands, the first band leaves the visible part of the spectrum before 
the second band has entered it, and there is a silvery hiatus before the first and second- 
order colors. I have discussed these matters and the errors which they involve in 
several papers.®® 

There are two ways of overcoming these errors. One method, used sixty 
years ago by Wernicke®® and more recently by Constable,^® employs a spectroscope 
to find the wave length corresponding to the center of the bands, which, with the index 
of refraction, leads to an exact knowledge of the film thickness. The other way is to 
calibrate the color scale, for the fiilms in question, by means of some more accurate 
method. This plan was adopted for the study of silver iodide films by Bannister 
and myself. -*1 The films were measured by three quite independent methods (gravi- 
metric, electrometric and iodometric) and the satisfactory agreement obtained between 
the three sets of values gave confidence in their substantial correctness. It then 
became possible to prepare a series of standards of thickness (silver specimens tinted 
to different colors) which were used in the subsequent experimental work; obviously 
it is better to compare one silver iodide with another silver iodide film than to compare 
it with an air film or a barium stearate film. In this way, time-thickness curves were 
plotted, showing the growth of silver iodide films under controlled conditions. The 
effect of several variables (temperature, stirring, concentration, nature of solvent, 
etc.) was explored; in each series of experiments, all the variables except one were kept 
constant, so as to isolate the effect of this factor. Smooth curves were obtained, 
obeying, in most cases, the parabolic law. 

Recently, in this laboratory, Miley^^ has carried out a similar comparison of the 
thicknesses of iron oxide and copper oxide fiOims in the interference range and found 
satisfactory agreement between the results of three independent methods. 

The authors' work on the effect of crystalline direction upon film growth is of 
considerable interest. Most investigators have endeavored to avoid considering 
this factor by using poly crystalline material. Clearly, if the material is such that 
there are an infinite number of orientations distributed sporadically, the orientation 
variable is eliminated. With rolled foil, it may be objected that there is preferred 
orientation conferred by the rolling, but probably, after abrasion with emery, the 
structure is sufficiently confused for the purpose. A completely jumbled structure 
is, from the mathematical standpoint, the simplest case, and it was logical that it 
should be the first to receive experimental study. 

Nevertheless, the time has now come to approach more difficult cases, and the 
work of the authors in obtaining orientation relations between film and metal is most 
valuable. The simplest case is the study of the rate of oxidation of important crystal 
faces with simple indices such as (100), (110), and (111). Fig. 15 is stated to show 
the rate of oxidation of these three faces, but apparently they were obtained by cutting 
the crystals, and it is difficult to ^see how this could be done without disturbing the 


®®U. R. Evans: Roll. ZtscK (1934) 69, 129, and earlier papers quoted therein. 
®®W. Wernicke: Pogg. Ann. (1878) 8, 68. 

^°F. H. Constable: Proc. Roy. Soc. (1927-28) A 117, 376,^385. 

R. Evans and L. C. Bannister, Proc. Roy. Soc. (1929) A 126, 370. 

'‘^U. R. Evans and H. A. Miley: Nature (1937) 139, 283. 
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orientation of the surface atoms. Certain planes could be produced etching a sec- 
tion of polycrystalline iron so as to produce a series of facets representing a definite 
crystallographic direction. This might possibly overcome this particular difiBculty, 
but it might introduce others. In Figs. 11 to 14, the authors have used surfaces 
which did not, except as a coincidence, correspond to any simple crystal plane; it is 
not very surprising that no simple correlation of the rates with the orientation could 
be discovered. 

The procedure of cleaning with hydrogen is also likely to cause complications. 
Presumably hydrogen, which can diffuse readily through iron, will tend to distort the 
original lattice structure, and if the hydrogen reduces the original oxide film, it may 
leave a surface layer of spongy iron whose orientation does not necessarily correspond 
to that of the iron basis. It is, of course, easier to criticize the method adopted than 
to suggest the perfect method, but it is possible that a method of etching, under 
conditions where passivity can be completely avoided, would give crystal faces cor- 
responding to a known simple crystalline direction in a state which would not need 
hydrogen cleaning. 

I hope the authors will continue their work. If the X-ray method of obtaining 
orientation and crystal structures could be combined with more reliable methods of 
measuring film thicknesses, the results would be really valuable. 

H. A. Miley,* Cambridge, England (written discussion). — The authors have 
used monocrystalline iron whereas previous. studies of the iron oxides have been carried 
out on polycrystalline iron. This suggests that a comparative study of certain results 
might be valuable. What they have ‘said concerning the composition of the oxides 
and the interference colors observed is of great interest. 

They have described orientation relationships (a) between a-iron and '‘FeO,’^ 
and (&) between this oxide and Fe304 obtained by direct oxidation or reduction under 
specified conditions. It seems important to consider the possibility that 7-Fe203 is 
sometimes formed instead of Fe304 — ^in which case the same orientation relationships, 
will probably apply to the 7-Fe203. There is considerable evidence^^ that the oxide 
formed on 'polycrystalline iron when exposed to air at temperatures below 200® C- 
is T-Fe203, and that the one formed above this temperature is a-Fe203 until Fe304 


* Metallurgical Laboratories, Cambridge University. 

An outline of the evidence is as follows; The oxide formed on iron in air is believed 
to be; (I)a-Fe203 when heated at temperatures above 200° C. (it is ferric oxide, see 
references below‘*’^'®*<^-^’*; nonmagnetic®; hexagonal in structure with lattice 
dimensions suitable for this oxide® until an underlying layer of Fe304 appears when 
heated at temperatures above 400°®'*** — ^this possibly accounts for the Fe304 found 
in tinted films, by Smith**, and (2) 'y-Fe203 when formed at temperatures below 200° 
(it is different from the oxide formed above 200°®’*‘'*; cubic in structure with a lattice 
dimension suitable for 7-Fe203 or Fe304®'®*’^ ; ferric oxide®*-^’^'***). The references used 
in this outline of the evidence are; 

® U. R. Evans; J. Chem. Soc. (1927) 1020; (1930) 478. 

^U. R. Evans and J. Stockdale; Jnl. Chem. Soc. (1929) 2651. 

® W. H. J. Vernon; Trans, Faraday Soc. (1935) 31, 1668. 

** N. Smith; Jnl. Amer. Chem. Soc. (1936) 68, 173. 

« H. R. Nelson: Nature (1937) 139, 30 (did not mention 7-Fe203). 

^ I. litaka, S. Miyake and T. limori: Nature (1937) 139, 156. 

U. R. Evans and H. A. MHey : Nature (1937) 139, 283. 

^ H. A, Miley: Carnegie Scholarship Mem., 26, 

* H. A. Miley: Unpublished work. 
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begins to appear as an underlying layer at temperatures well above 400°. According 
to this view, the oxide produced by the authors at 140° and 186° might have been 
Y-FesOg and that at 268° and 270° might have been «-Fe203, unless the monocrystalline 
iron forms different oxides from polycrystalline iron. 

Vernon'^ noted that films obtained by heating polycrystalline iron in air at tem- 
peratures below 200° gave no bright colors, even when the thicknesses were greater 
than required for such interference effects; this has been confirmed by Miley.'*® The 
authors report interference colors on monocrystalline iron when heated at temperatures 
below 200° as well as when heated at higher temperatures. It is known that re304 
has a low transparency and since 7-Fe20s is so nearly the same in structure, it might 
be expected to have a low transparency also. The close similarity between the posi- 
tions of the iron atoms in the iron lattice and the lattice of T-Fe203, or Fe304, might 
cause a relatively poor reflecting plane to be produced at the metal oxide interface. 
Evans'^® has analyzed the production of interference colors by oxide films and found 
that it depends largely on (1) the reflection at the back of the film, (2) the transparency 
of the film, and (3) its uniformity. He pictures the light (of interference wave length) 
within the film, as being reflected back and forth between the two surfaces until it is 
completely absorbed or emerges in phase with the light reflected from the outside 
surface. If the reflection at the metal oxide plane and the transparency of the film 
are imperfect, the light will have lost part of its intensity before it emerges from the 
interior of the film, and the wave lengths nearest to the interference value will be 
reflected back and forth the greatest number of times, before they can emerge in 
phase, and will therefore suffer the greatest loss in intensity. If the intensity of the 
emerging light is plotted against the wave length, an absorption band is obtained with 
a minimum value at the interference wave length. Obviously, the width of the 
absorption band, which depends on the three factors named above, may vary from 
an infinitely narrow one to a very hroad one; either of these will give no colors, whereas 
colors of different brightnesses will be given by bands between these limits, and the 
bands of intermediate widths will be most favorable to the production of colors. 

An explanation of the differences observed in the interference effects produced by 
oxide films is now possible. The a-Fe203 (hexagonal structure) on polycrystalline 
iron is possibly crystallographically discontinuous with the metal base and affords a 
good inner reflecting plane and it is known to have a relatively high transparency. 
It will therefore give an absorption band that is medium to broad. Constable's 
optical measurements^ of the bands for these films appear to be broad. The same 
film on monocrystalline iron would have all of the optical conditions repeated except it 
would provide a smoother and better inner reflecting plane and be more uniform, and 
these differences would tend to shift the band from medium toward the narrow. Thus 
an a-Fe203 film on either polycrystalline or mono crystalline iron would be expected 
to give colors. The 7-Fe203 or Fe304 (cubical structure) on polycrystalline iron is 
possibly in optical continuity with the metal base and provides a poor inner reflecting 
plane and has a low transparency, and will give an absorption band that is too broad 
to produce colors. The same film when formed on monocrystalline iron will have a 
smoother inner reflecting plane, in addition to forming a more uniform film, and will 
therefore give a band that is not too broad for colors. No metal can be expected to 
produce a film so nearly perfect in uniformity, transparency and reflection that the 


H. J. Vernon: Trans. Faraday Soc. (1935) 31, 1674. 

A. MUey: Carnegie Scholarship Memoirs^ 26. 

^ U. R. Evans: Chem. Ind. Rev., 4, 211; at the foot of page 212, the figures ^'X/2, 
3X/2, 5X/2 ..." should read ‘‘X/4, 3X/4, 6X/4 . . . ," as pointed out by XT. R. 
Evans, Koll Ztsch. (1934) 69, 129. 

^’^F. H. Constable: Proc. Roy Soc. (1927-28) A117, 381, 382. 
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absorption band will be too narrow to give colors, as has been realized with a collodion 
film discussed by Evans. 

W. H. J. Vernon,* Teddington, England (written discussion). — ^The authors say 
(p. 547): ^‘temper films showing normal temper colors have been found in this work 
down to the lowest temperatures used, contrary to the findings of Vernon/' Inas- 
much as the authors' observations refer to films on single crystals of massive metal 
whereas I was concerned with films on a polycrystalline surface of thin sheet, this state- 
ment is would hardly seem to be justified. The findings to which the authors refer, 
being statements of experimental fact, cannot be contrary to other experimental 
facts obtained under other conditions; nevertheless, the divergence between the two 
groups of results clearly calls for interpretation. 

In their computations of film thicknesses the authors rely on data calculated from 
the respective “temper colors," but they very rightly point out the weaknesses of this 
method. These weaknesses militate seriously against the use of the method to decide 
whether oxidation follows a parabolic course with time; such information can be 
obtained only by strictly quantitative observations as yielded, for example, by the 
gravimetric method, which shows that for the polycrystalline surface a parabolic 
relationship is followed very closely above a critical temperature of approximately 
200°, below which there is a very considerable defection (ref. 26, p. 1675). Neverthe- 
less, in Figs. 11, 12 and 15 (186° to 270° C.) the authors' curves at all events show an 
oxidation that is increasing progressively with time, as would be expected. On the 
other hand, in Figs. 13 and 14 (140° C.) the curves become parallel to the time axis. 
If the curves really represented rate of growth this would clearly mean that the film 
ceases to thicken within the period of the experiment. This is certainly not true for 
the polycrystalline material, and there seems to be no reason why it should be true 
for a single crystal. More probably it means simply that a stage is reached when the 
color remains constant while the growth of film continues. This is in harmony with the 
conclusion reached in the course of my work, namely that below the critical tempera- 
ture in the neighborhood of 200° C. the film has a granular structure. On this view, 
the colors observed on single crystals below the critical temperature are diffraction 
colors, the particular color being a function of grain size and not of film thickness. 

A further important corollary follows. If the film on a single crystal below 200° 
assumes a constant color (as distinct from a color which develops progressively through 
the spectrum and starts over again as must be postulated for films above the critical 
temperature), and, furthermore, if the precise color reached varies sporadically from 
crystal to crystal, then it is clear that under such conditions a polycrystalline surface 
should exhibit either no definite color, or colors over a very much narrower range. 
This is in accordance with experimental observation, because, at the lower tempera- 
tures (even at the higher limits) the only color observed is a pale brown or straw 
yeUow, though the thickness may be such as would correspond to a deep blue above 
200°; more prolonged heating merely results in a general darkening, with no further 
color development. 

Fig. 12 (186°) calls for comment because these curves fall into the category of 
Figs. 11 and 15 and not Figs. 13 and 14 as would be expected if the transition tem- 
perature were exactly 200°. Actually, it was not possible in my work to determine 
the critical point with great precision, although it certainly appeared to be slightly 
below, rather than above 200°; moreover, its precise location may well depend upon 
the material used, and in that case some difference would naturally be expected in 
results obtained from large-crystal, massive material on the one hand and polycrystal- 
line thin sheet on the other. 

The authors' “hydrogen etching" at 875° is of great interest, but for the guidance 
of other workers in this field it would also be of interest to know just what was the 

* Chemical Besearch Laboratory, Department of Scientific and Industrial Research. 
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method of etching (presumably by immersion in acid) which they abandoned in favor 
of the more elaborate process. The authors are much to be congratulated upon this 
paper, which marks a definite advance in our knowledge of oxidation phenomena. 

E. L. McCandless and R. F. Mehl (written discussion). — As Dr. Austin sug- 
gests, it would be interesting to know whether or not an intermediate layer of ^‘FeO” 
is formed when a crystal of iron is oxidized in an atmosphere in which at the tempera- 
ture used Fe 304 alone is stable. Of course, such a layer would not be an equilibrium 
phase, but as long as any iron is left, as long as the sample is not single-phase, the 
possibility of nonequilibrium phases cannot be excluded; above 570° such an inter- 
mediate layer would beyond question be formed, and even below 570° — at tempera- 
tures where “FeO” has no true stability — ^it might well form as a transitory, perhaps 
very thin layer. Probably only an electron diffraction determination of lattice struc- 
ture types in the neighborhood of the iron: oxide interface could furnish a satisfac- 
tory answer. 

No attempt was made to use Tronstadt's polarized light method for examining 
the oxide films. Such a method is open to one of the same objections as in any other 
optical method, namely, that when a multiple-layer film is studied it is most difficult 
to determine to which layer or combination of layers the experimental data apply. 

Comment by Dr. Evans on the subject of films is always to be especially welcomed. 
It has been evident for some years, as Dr. Evans remarks, that a more accurate method 
of calibrating film colors in terms of actual thickness is badly needed. While we, as 
others who have worked in this field in recent years, have been quite aware of the 
elementary physics involved in the formation of temper colors, we have attempted to 
proceed with the present studies with the best means available; the Blodgett scale 
provides a better means than mere visual observation of colors which has been 
employed by so many workers, for it can be readily reproduced; the careful matching 
of film colors to the steps on the scale thus provides at least a closer identification of 
comparable colors if not of film thicknesses. Our own attempts to use the spectro- 
scope to determine the wave length corresponding to the center of the absorption 
band, though undertaken with enthusiasm, were ultimately abandoned in disappoint- 
ment; the lack of data on refractive indices on composite films of such extreme thinness 
and the uncertain variation of this with orientation militate against the success of 
the method. However, even if the observed colors could be calculated accurately to 
true thicknesses, these thicknesses could not or could only approximately be calculated 
to weight increments owing to the uncertain density of the material composing the 
films. The very recent success of Dr. Evans and Dr. Miley in obtaining good agree- 
ment among gravimetric, electrometric, and iodometric measurements of temper film 
thicknesses is certainly to be welcomed. 

Thus, though the method of temper-color identification is admittedly of uncertain 
value in appraising film thicknesses, it seemed likely that it is of somewhat less uncer- 
tainty in comparing film thicknesses; since the disregard by previous workers of 
orientation effects, and in general of the crystallographic properties of films has left 
a lamentable gap in our knowledge of films, it seemed desirable to adopt the compari- 
son method and to attempt to evaluate the possible effects of orientation on the rate 
of growth of films. Needless to say, these comments do not apply to the first section 
of the paper in which the orientation relationships alone are described. 

We distrust methods intended to avoid orientation effects by the use of poly- 
crystalline samples with randomly oriented grains: films grown on such samples will 
be a composite of films of colors varying from grain to grain since the rates of color 
generation on grains of different orientation differ widely, and thus the orientation 
effect is not avoided and the color is not simple but composite. Nor could abrasion 
be relied upon utterly to destroy preferred orientations — abrasion itself can generate 
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such orientations. Thus in our opinion the simplest procedure and by far the most 
logical procedure is to determine rates of oxidation on the different crystal faces, and 
from these data to proceed to the more complicated case of aggregates with a more or 
less random orientation of the individual grains; this logic alone has sufficed to clarify 
the many difficult points in the closely analogous case of the plastic deformation 
of metals. 

There can be no doubt that cutting the crystals produced a disturbance, but apart 
from cleaving no other method of producing plane surfaces was available. The 
technique of heating in hydrogen, however, we believe to be somewhat better than 
Dr. Evans suggests: the crystals, still intact, were of a single sharply defined orienta- 
tion, identical with that of the base crystal with which the surface was integral. 

The difficulty concerning etch pits is a serious one. Etching in aqueous solutions — 
this particularly in answer to Dr. Vernon’s question — consisted for the most part in 
acid attack, both by immersion and by swabbing. The samples were first treated 
with a number of cleaning solutions designed to remove dirt, particularly grease; many 
acids in many concentrations were tried, with and without applied electrolytic poten- 
tial, but in no case could uniform oxidation temper colors be developed over the whole 
surface of a single crystal, whereas this became a very easy task after hydrogen treat- 
ment. The occurrence of etch pits on the surface of the hydrogen-treated crystals 
might well have been a seriously disturbing characteristic; we believe, however, that 
the identical rates of color development on a cleaved crystal and a hydrogen-treated 
cut crystal, described on pages 546 and 547, argue powerfully against the seriousness of 
the part which etch pits play in the phenomena observed, though the circumstance 
would have been happier if the comparison were not limited to a single type of crystal 
plane. In passing it should be noted that the lack of exact coincidence of the crystal 
plane on the surface of the oxidized sample with planes of low indices could not possibly 
have caused us to fail to discover a simple correlation between rates of oxidation and 
orientation; with rates varying in a simple fashion with orientation, these rates should 
show a continuous variation over the extent of a unit stereographic triangle, which 
could be expressed as contour hues of some oxidation rate constant, much as elas- 
tic moduli or yield points of single crystals have been represented in variation 
with orientation. 

Dr. Mney’s remarks are very interesting indeed, and valuable, but we believe 
call for no reply. He kindly wrote us some months ago about his own work and about 
the results we have presented here. 

We were particularly glad to have Dr. Vernon’s instructive discussion. We are 
sure that there will be no confusion concerning the results on the rates of oxidation 
of single crystals of iron and of poly crystalline iron, which Dr. Vernon seems to fear, 
for the text is clear enough on the point. We have enjoyed Dr. Vernon’s philosophical 
discourse on the matter; we had stated previously (page 540) that his observations 
had been made on polycrystalline iron and this was imphed in the sentence quoted. 
It would be very interesting to see whether polycrystalline iron foil, the surface of 
which had been prepared by the hydrogen-treatment method, would give the same 
results as in Dr. Vernon’s experiments; the difference in the modes of surface prepara- 
tion constitutes another difference between our work and that of Dr. Vernon. 
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The demands of the petroleum and chemical industries for steels to be 
used in pressure vessels and similar structures at artificially low tempera- 
tures are continually increasing, and the writing of proper specifications 
with suitable tests becomes increasingly important. Likewise, the selec- 
tion of suitable steels for such applications is of increasing concern to the 
metallurgist. It is generally recognized that highly alloyed steels of the 
austenitic stainless type retain their properties even at very low tempera- 
tures and represent the best technological solution of the low-temperature 
steel problem. However, in many instances less expensive carbon or 
low-alloy steels suitable for service within limited temperature ranges 
are available. The problem thus becomes one of defining the various 
factors involved in the production and fabrication of these less expensive 
steels and determining the temperature ranges in which their properties 
justify engineering application. Most of the applications involve welded 
structures, and the heat effect of welding as well as the nature of the weld 
metal are matters of prime concern. 

The first problem that the metallurgist faces is the determination of 
the type of test to be used as a criterion of the performance of the steel 
in low-temperature service. It has been generally recognized that 
the static properties of steel as determined in the ordinary tensile test 
undergo a gradual and relatively slight change as the temperature of test 
is lowered in the range of current interest; i.e., from room temperature to 
minus 120° C. It is further generally recognized that the behavior of 
steel under impact involving notch sensitivity is definitely affected 
at the lower temperatures. While the major subject of this paper is the 
effect of grain-refining deoxidizers, of low-alloy additions and of welding on 
the low-temperature notched-bar impact properties, an inquiry into the 
general behavior of steel under low-temperature impact testing is included. 
This is a pertinent portion of the investigation and the results thereof are 
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necessary to an interpretation and understanding of the data presented 
in the major study. 

Much work has been done on the subject of low-temperature impact 
testing in the past few years. A great deal of this has been devoted to the 
effect of alloying elements, but comparatively little attention has been 
given to the effect of grain-refining deoxidizers. Most investigators 
have recognized that the method of manufacture plays an important role, 
Herty and his co-workers^ showed the beneficial effect of aluminum used 
as a grain-refining deoxidizer on the low-temperature properties of plain 
carbon steels, Fry^ investigated the improvement in the physical 
properties as a function of the type of deoxidation, and Sykes^ and 
Hopkins^ demonstrated the effect of grain size on the low-temperature 
properties of steels for welded structures. The present paper includes a 
more detailed study of the effect of deoxidation on the low-temperature 
impact strength of steel suitable for certain structures used in the as-rolled, 
normalized, or stress-relieved conditions. It further includes a study of 
the function of moderate chromium-copper alloy additions in connection 
with such deoxidation. The work shows definitely that the shock 
resistance at low temperatures is greatly increased by most of the 
grain-refining deoxidizers used both in the plain carbon and low-alloy 
steels. It further shows the effect of low-alloy additions in maintaining 
the low-temperature impact strength as the mass in question is increased. 
The role of such deoxidizing and allo3dng additions in inhibiting the reduc- 
tion of impact strength on material next to the weld as a result of the 
welding operation is likewise investigated. The results indicate that 
welded pressure vessels and similar structures can be produced for safe 
operation at temperatures as low as minus 120° C. using low-alloy steels 
suitably deoxidized. . 

Method of Testing 

All impact tests described in the paper were made on the standard 
120 ft-lb. capacity Izod machine, although two types of specimen are 
mentioned. One of these represents the standard notched Izod test 
piece 0.394 in. (10 mm.) square with a 45° notch 0,079 in. deep, and 
having a bottom radius of 0.010 in. The standard notch was milled with 
a fly cutter carefully ground to match a templet. When the notch was 
lapped, the notch was milled to slightly less than the desired depth, and 
was lapped to the proper depth and contour with a male die of suitable 
shape. In the second type, of similar cross-sectional area, a hole was 
drilled tangent to the center line using a No. 47 drill (0.078 in. diam.). 
The hole was then opened to the surface. These test pieces were 
also broken in the Izod machine, using-a special jig to properly align 
the specimen. 


^ References are at the end of the paper. 




The test pieces were cooled to the test temperature in liquid media. 
Immersion for 30 min. to 1 hr. was followed by a quick transfer to the 
Izod vise, with the immediate release of the hammer. Stop-watch 
measurements showed that the complete operation was carried out in 
from 3 to 6 see. Temperature loss during this interval has been shown 
(Yamada® and others) to be negligible. The liquid used varied with 
the temperature desired; viz., room temperature to minus 20° C. iced 
water or iced brine; from minus 20 to minus 78° C. acetone cooled with 
dry ice; from minus 78° to minus 120° C. propane cooled by means of 
liquid air. The production of temperatures from minus 78° to minus 
120° C. was carried out with considerable care, the propane being placed 
in a Dewar flask and a copper tube containing the liquid air immersed in it 
until the desired temperature was reached. At no time was any difficulty 
found in maintaining the temperature constant within ± 3° C. Tempera- 
tures in the lower ranges were measured with a calibrated thermometer. 

Pabt I. The Impact Test and the Nature of the 

Low-tempbeaturb Notched-bar Impact Phenomena 

There has been some confusion in the interpretation of impact-test 
data because under apparently identical conditions various steels will 
give widely different notched-bar impact test values in specific tempera- 
ture ranges. This has been encountered by many of the investigators in 
the field. These investigators further report that decrease in the shock 
resistance with low temperature is not gradual but progresses by dis- 
continuous, abrupt steps. Accordingly, the first portion of this program 
was designed to determine whether the apparently erratic results could be 
systematized, and whether these results were due to minor variations in 
the method of impact testing or to some characteristic behavior of the 
material under the conditions of test. 

The values shown in Fig. 1 are illustrative of the results obtained from 
low-temperature Izod tests. These were obtained from tests on alumi- 
num-treated S.A.E. 1020-X normalized and stress-relieved i g-in. plate 
in the longitudinal direction. The steel had a McQuaid-Ehn grain size 
of No. 8. As similar behavior has been encountered in every steel 
investigated, the specific composition and treatment are not significant. 
Fig. 1 shows that the impact values occurred in three distinct ranges. At 
temperatures slightly lower than room temperature, the energy absorbed 
in the impact test increased slightly. At minus 50° C. the first discon- 
tinuity was noted. Some of the samples broke at about 72 ft-lb. and some 
in the range of 25 to 45 ft-lb. As the testing temperature was further 
lowered to minus 78° C., the higher values disappeared completely and 
another group of values appeared at a very low level. The intermediate 
range from 25 to 45 ft-lb. was decreased slightly to 20 to 40 ft-lb., and the 
new range occurred in the neighborhood of 10 ft-lb. As the temperature 
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was further lowered to minus 120° C., values in the 20 to 40 ft-lb. bracket 
disappeared and those in the 10 ft4b. bracket were moderately lowered. 
Owing to the spread of values in the intermediate range, it might be 
argued that these values are a continuation of the low range. However, 
the discontinuity appears so consistently and is frequently so well defined 
as to be indicative of a distinct difference in the mechanism of failure. 

Dotted lines are used in the curve to indicate the temperature range 
in which values may occur in any one group. Similarly, the average 
curve indicates the proportion of breaks that may be expected to fall in 
each energy range. To establish this point further, four identical speci- 
mens, which were less than standard size in order to not exceed the 
capacity of the machine, were placed in the vise and tested at a tempera- 
ture at which values in two energy levels were obtained on specimens 



Fig. 1. — ^TYPicAii vabiation of impact stkength at low temperatures. 

broken singly. All four specimens were then broken by a single blow. 
Some specimens broke with a brittle fracture and some with a tough 
fracture. When the value obtained on brittle specimens broken singly 
multiplied by the number of specimens showing a brittle type of fracture, 
and the value obtained on tough specimens broken singly multiplied by 
the number of specimens with a tough fracture, were added together, the 
sum was equal to the energy found when several specimens were broken 
simultaneously. This indicates that an average value based on a 
sufficient number of specimens is a reliable index of the notched-bar 
impact properties of the steel. However, the average should be accom- 
panied by information on the value of the energy levels involved, or at 
least the minimum value obtained. 

It has been suggested that minor variations of factors involved in the 
method of testing may be the major cause for the apparent discontinuous 
behavior of the material in the low-temperature notched-bar impact test. 
Accordingly, test specimens were taken from a rolled in. plate nor- 
malized at 900° C. and drawn at 625° C. for one hour in the original 
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section, the steel showing medium grain size and having the following 
analysis: carbon, 0.10 per cent; manganese, 0.68; silicon, 0.21; cop- 
per, 0.58; nickel, 0.63; chromium, 0.77. One set of specimens was pre- 
pared using the standard V-notch with a radius of 0.01 in. and machined 
with the standard fly cutter, this cutter being matched to a templet. 
Another set of specimens was prepared with a V-notch cut in the same 
way and then carefully lapped. A third set was prepared with a V-notch 
cut as in the first case but a special bottom stop for aligning the specimens 
was used. A fourth set was prepared with the keyhole type of notch for 
use in the Izod machine. Specimens were broken, with the results shown 


Table 1. — Effect of Type of Notch on Low-temperature Izod Impact Strength 
of Chromium-copper-nickel Steel 



Impact Strength, Ft-lb. 

n^bOriptlon of 

At +20° C. 

1 

p 

At -100° C. 

V-notch, fly cutter 

94.0 

61.5 

Sl.O 


95.0 

66.0 

44.0 


96.0 

69.0 

49.0 


96.0 

73.0 

58.0 


96.5 

76.5 

61.0 


101.0 

102.0 

69.0 

Average 

1 96,4 

74.7 

52.0 

V-notch, lapped 

91.5 

61.5 

8.S 


92.0 

64.0 

47.0 


92.5 

79.5 

53.5 


93.0 

102.5 

54.5 


93.0 

104.5 

61.0 


94.0 

105.5 

73.0 

Average 

92.7 

86.3 

49.5 

V-notch, special jig 

92.0 

78.5 

8.0 


94.5 

92.0 

16.0 


96.0 

103.5 

43.0 


98.0 

104.5 

53.0 


97.5 

105.5 

65.0 


98.0 

105.9 

67.5 

Average 

96.0 

98.3 

42.1 

Keyhole notch 

36.0 

38.0 

29.0 


37.0 

42.0 

29.5 


38.0 

42.0 

81.0 


38.0 

44.5 

40.0 


39.5 

46.6 

41.0 


39.5 

49.0 

41.0 

Average 

38.0 

43.7 

35.3 „ 
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in Table 1, At room temperature, the greater consistency of the values, 
with the lapped V-notch is apparent, and the values are very slightly 
lower than with the unlapped notch. This difference is of a minor order, 
and the spread in the values of the specimens with the unlapped notch 
is not sufficient for concern. The higher average value at minus 78® C. 
indicates some effect due to the elimination of secondary notch effects 
by the lapping operation, but again the difference is not of a major order. 
This effect would be given more weight were it not for the series of results 
obtained at minus 100® C., in which the average values are practically 
the same in both series with a single low value in each case, the lapped 
specimen giving the lowest value. The discontinuous energy levels at 
approximately 95, 65 and 30 ft-lb. are apparent in both series of speci- 
mens. These results show that the mechanical preparation of the notch 
proper is a minor factor with minor effect on the energy values, and cannot 
be considered to account for the occurrence of values at widely different 
energy levels. 

The effect of the jig used to align the specimens in the impact vise 
was investigated with the thought that the heat transfer through the jig 
produced a local increase in temperature in the notch. This temperature 
change, variable from specimen to specimen, might be a minor factor 
having a major import. Accordingly, a special bottom stop was used 
that did not require the use of a knife edge to align the specimen, and the 
same series of tests was performed at plus 20®, minus 78® and minus 100° C. 
Again the values fell in the previously determined energy ranges and 
again there was very little difference in the order of magnitude of the 
average results or ratio of number of values in a given range at a given 
temperature. Small local temperature changes, therefore, appear to 
have only a minor effect on the final energy values. 

That variation in the actual temperature from specimen to specimen 
may account for the difference in the energy values obtained from various 
specimens should be considered. However, the values, split into two or 
more energy levels, occur over too wide a temperature range for such 
an explanation to be tenable, and the work on the columbium-treated 
steel, later reported, is further and conclusive evidence on this point. 

To investigate further the effect of the notch, specimens of the same 
steel were prepared using the standard Charpy keyhole notch, and the 
specimens were then tested in the 120 ft-lb. Izod machine. The lower 
values obtained in this case at room temperature were probably due to 
the smaller amount of material behind the notch. The results were quite 
consistent, and it is significant that values at minus 78° C. fell in a single 
energy range. This is consistent with the reduced sensitivity to be 
expected with this type of notch as compared to the V-notch. However, 
at the lower temperature of minus 100° C., values at two energy levels 
were again obtained, showing that even with this type of notch, the 
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notch sensitivity is sufficient to bring about the same type of reaction 
in the material as with the sharper notch. 

In order to determine whether the firmness with which specimens were 
held in the vise was significant, other series of tests were performed in 
which a more rigid vise was used, and in which the specimens were held 
more tightly than usual in some instances and more loosely than usual 
in others. Again, the discontinuous drop in impact strength at the lower 
temperatures and the splitting of energy values into two or three ranges 
were noted. Moreover, room-temperature test results under these con- 
ditions were consistent even when the tests were performed on relatively 
brittle material. All of this indicates that the discontinuous variations 
in energy absorption are not a function of minor factors in the preparation 
of the notch or in the testing procedure. The results also indicate that 
gross sharpness of the notch may alter the temperature at which the 
levels appear and the amount of absorbed energy of the different levels. 
Factors such as mass and velocity have not been investigated to more 
than a very limited extent, and also appear to produce quantitative 
differences in the locations of the discontinuous energy levels but do not 
eliminate these different levels. However, as factors such as the gross 
sharpness of notch do materially modify the discontinuous phenom- 
ena, there is a strong implication that different energy levels are pro- 
duced by a combination of factors that may be implied in the term 
‘‘notch sensitivity.’^ 

This is further borne out by an additional series of tests in which 
specimens of 0.6 per cent chromium, 0.5 per cent copper medium-grained 
steel were tested at minus 100° C. One series of specimens was prepared 
from normalized and stress-relieved material, the notching of the speci- 
men being performed after the heat-treatment. The other series was 
notched prior to heat-treatment, and it should be noted that specimens 
of both of the series were heat-treated in the standard Izod specimen 
section. The specimens notched after heat-treatment in the usual man- 
ner gave values approximating 5 ft-lb. at minus 100° C., whereas those 
heat-treated after notching gave consistent values in excess of 100 ft-lb. 
at minus 100° C. Notches in specimens heat-treated after notching were 
then re-cut to an increased depth of 0.015 in., the re-cutting being per- 
formed after the heat-treatment, and the results of tests at minus 100° C. 
again gave values of the order of 6 ft-lb. 

Carbon-steel specimens were then tested in a s imil ar manner. The 
energy values resulting from tests at room temperature were increased 
slightly by notching before heat-treatment, but the values obtained at 
minus 100° C. were less than 2 ft-lb. in all cases, a marked contrast to the 
behavior of the chromium-copper steel. It is obvious, therefore, that 
some factor other than the proportions or smoothness of the notch has 
played a major role. Possible factors are cold-work produced by the 
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notching tool, residual stresses due to notching, oxidation and decarburi- 
zation, as well as crystal orientation. To check this matter further, 
specimens were normalized before notching and then stress-relieved at 
650® C. after notching. In all specimens, including the chromium-copper 
steel, the values at minus 100® C. were low, indicating that cold-working 
and residual stresses were not major factors in the improved impact 
strength of the finally normalized chromium-copper steels. Again, a 
series of tests on specimens normalized with the notch filled with refrac- 
tory cement, to keep oxidation at a minimum, resulted in values of over 
100 ft-lb. at minus 100® C. in the chromium-copper steels. Microscopic 
examination revealed no decarburization. Similar tests on plain carbon 
steel showed that 0.20 per cent carbon boiler plate showed no appreciable 



Fig. 2. — ^Tensile and impact peopeeties op S.A.E. 1035 steel at low temper- 
atures. 

difference in low-temperature impact results whether the notch was cut 
before or after normalizing. Two ft-lb. at minus 100® C. resulted in 
either case. Again S.A.E. 1020-X aluminum treated and normalized 
in the 0.394-in. section before notching gave 89 ft-lb., and normalized 
after notching with the notch protected by refractory cement gave 
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84 ft-lb., a difference of no significance. These results point to crystal 
orientation or some as yet unknown factor as predominant in influencing 
the sensitivity of the notch. 

The various series of tests reported in the foregoing pages are all 
definite in character, but each tends to a negative conclusion. However, 
taken as a whole the results indicate strongly that the character of the 
metal at the base of the notch is of prime importance, and that the dis- 
continuous values of energy absorption in impact at low temperatures 
reflect a property of the metal immediately behind the notch. Perhaps 
this is just another way of saying that the notch sensitivity of the material 
under the mass-velocity relationships involved in the usual notched-bar 
impact test is critical. 

With the thought that it is indeed strange that the properties having 
such a marked effect in the notched-bar impact test appear to be in 
nowise reflected in the ordinary tensile test, this matter was once more 
investigated. Specimens of a normalized S.A.E. 1035 steel were sub- 




+20 -25 -60 -78 -183 

Temperature of Test, Deg. C. 

Fig. 3. — Fractures of tensile specimens op S.A.E. 1035 steel. 

jected to the standard Izod test as well as to the standard 0.505-in. dia. 
tensile test at low temperatures. The shift in the energy values to a 
lower range in the impact test occurred at about minus 25° C., and the 
tensile properties as measured showed no discontinuity in this range. 
These results are shown in Fig. 2. In spite of this lack of discontinuous 
change in tensile properties, however, a startling change in the character 
of the fracture was noted (Fig. 3). At room temperature, the usual cup 
and cone fracture took place on static testing, wdth approximately 50 per 
cent of the area failing in shear and 50 per cent as a break across the 
specimen, commonly termed ^^tensile” or ‘‘cleavage^' failure. At minus 
25° C., however, only 5 per cent of the fracture of the tensile specimen 
showed the shear type of failure and 95 per cent of the fracture showed 
tensile failure. At still lower temperatures, tensile failure predominated 
to a still greater degree, and at minus 183° C. shear failure even as skin 
effect was completely absent. This definitely shows that a different 
mechanism of failure is involved at the lower temperatures in the static 
test, even though it is not indicated by an abrupt change in the strength 
and ductility as usually measured. It is not surprising that this different 
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mechanism of failure should be reflected in different energy levels in the 
notched-bar impact test. 

It is appreciated that the above series of experiments failed to result 
in a positive conclusion with respect to the mechanism of failure of mate- 
rial under notched-bar impact conditions or under static conditions at 
low temperatures. The work has, however, shown that the phenomenon 
in question is directly associated with the steel proper rather than with 
the method of testing. The reality of the energy levels found in impact 
testing has been established, as has the fact that at certain temperatures 
values from apparently identical samples will fall into one or the other 
of the energy levels. The factors that cause a given sample to fall into 
a higher or lower range remain undetermined, and while several plausible 
hypotheses might be proposed, the advancement of hypotheses not sub- 
ject to proof would not seem to be particularly constructive. 

The accurate evaluation of the notched-bar impact performance of 
materials at low temperatures seems to necessitate the use of a sufficient 
number of samples to obtain values at each energy level. The ratio of 
the number of high and low energy values may then be determined and 
an average value calculated. With the present state of the art this 
average value would seem to be a suitable index of the sensitivity of the 
material to notched-bar impact failure at the temperature in question, 
although the value of the lower energy level is important as the limiting 
value. These average values and limiting values have been used, where 
available, as a criterion throughout the subsequent work on the effect 
of the deoxidizers, the effect of the alloying elements, and the effect of 
welding. When the number of values is small, where averages were not 
considered reliable, individual values have been given. 

Part II. Effect op Deoxidizers 

Comparative Effects of Aluminum^ Zirconium ^ Vanadium^ Titanium and 

Columhium 

Although various tests have been reported on the impact strength of 
steels treated with aluminum, vanadium and zirconium, very few of these 
have been made under conditions that. allow quantitative evaluation of 
the results. Accordingly, a series of tests was performed on steels pro- 
duced under controlled conditions in the laboratory. These deoxidizers, 
as well as columbium and titanium, were added to the low-carbon 
chromium-copper steel in amounts sufficient to give a McQuaid-Ehn 
grain size of No. 6 to 8 or finer. Base composition, content of special 
deoxidizer and resultant properties are shown in Table 2, the impact 
tests being performed at room temperature, nainus 78 and minus 100® C. 
on specimens machined from forged and normalized 1-in. dia. bars. 

Confirnoing our earlier work®, the chromium-copper steel without a 
special deoxidizer gave relatively high values throughout, and it is signifi- 
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cant that each of the deoxidizers, with the exception of titanium, further 
improved the energy absorption on impact testing at the low tempera- 
tures. The energy values of the lower carbon aluminum-treated material 
are particularly interesting, in that little loss of energy absorption took 
place down to minus 100° C. In the higher carbon steel, aluminum 
tended to retain the energy values at low temperature to a lesser degree 
than in the lower carbon ranges. Vanadium, zirconium and columbium 
each resulted in a retention of increased proportions of room-temperature 


Table 2. — Low-temperature Izod Impact Strength of Chrome-copper Steels 
Treated with Various Deoxidizers 


Composition, Per Cent 

Deoxi- 

Tensile 

Strength, 

Impact Strength, Ft-lb. 

C 

Cr 

Cu 

Si 

Cent 

Lb. ^er Sq. 

At +20® C. 

At -78® C. 

At 

-100® c. 

0.15 

0.73 

0.45 

0.21 

None 

76,000 

78.0 

77.8 

Average 

77.9 

51.8 

47.6 

Average 

49.7 

43.2 

32.2 

Average 

37.7 

0.14 

0.76 

0.62 

0.22 

0.07 A1 

72,000 

82.2 

83.0 

82.6 


87.9 

89.0 

84.8 

86.9 

0.25 

1.04 

0.50 

0.27 

0.10 A1 

85,000 

57.2 

57.0 

57.1 

27.0 

43.0 

35.0 


24.2 

0.16 

0,78 

0.60 

0.17 

0.12 V 

85,000 

47.6 

66.0 

56.8 

i 

38.5 

31.0 

49.9 

40.5 

0.13 

0.71 

0.60 

0.19 

0.05 Zr 

70,000 

1 

75.5 

75.0 

75.3 

78.0 

83.2 

80.6 

65.5 

32.0 

48.8 

0.16 

0.73 

0.49 

0.25 

0.16 Cb 

1 

70,000 

75.0 

75.2 

75.1 

H 

67.0 

1 

40.8 

0.17 

0.77 

0.63 

0.33 

0.11 Ti 

78,000 

73.0 

73.1 

73.1 

1 

9.9 

5.5 

18.5 

12.0 


impact values at the lower temperature. The effect is somewhat involved 
with the increased tensile strength and proportionately lower room-tem- 
perature impact values. The result of this increased tensile strength 
is well illustrated by the 0.25 per cent carbon aluminum-treated steel, and 
here again the retention of impact strength at low temperature is ample 
for engineering purposes. 

Little more need be said as to the effect of vanadium and zirconium, 
as the role of these materials has been generally recognized. While 
vanadium improves the shock resistance, it also raises the tensile strength 
so that the net result is a series of impact values comparable with those 
of the higher carbon aluminum-treated steels. Zirconium increases the 
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low-temperature impact strength without any secondary effects, and 
may be considered in the same category as aluminum from this stand- 
point. The definitely deleterious effect of titanium additions is surpris- 
ing, particularly in contrast with the effect of the other deoxidizing 
elements with which it is usually classed. 


Table 3. — Izod Impact Values on Columbium-treated Steels 



Composition, Per Cent 

Impact Strength, Ft-lb. 

Mark 







Room 









C 

Mn 

Si 

Cr 

Cu 

Cb 

Temper- 



-78° C. 


-100° C. 








ature 

















Average 



Average 



Average 

3976 

0.21 

0.44 


NUi 

Nil 

Nil 

62.0 

69.8 

65.9 

4.0 

4.2 

4.1 

3.0 

1.0 

2.0 

3988 

0.18 

0.61 


Nil 

Nil 

0.08 

56.5 

59.8 

58.2 

14.0 

19.0 

16.6 

8.0 

2.2 

5.1 

3989 

0.20 

0.53 


Nil 

Nil 

0.20 

67.0 

66.0 

66.6 

19. 5« 

46.8“ 


7.1“ 

12.6“ 


3906 

0.24 

0.65 

0.37 

Nil 

Nil 

0.32 

69.2 

74.0 

; 66.6 

38.0 

31.0 

34.5 

18.2 

11.0 

i 14.6 

3907 

0.20 

0.66 

0.32 

Nil 

Nil 

0.67 

74.0 

74.2 

74.1 

34.0 

39.5 

36.8 

22.8 

20.1 

21.5 

390$ 

0.23 

0.56 

0.38 

Nil 

Nil 

0.73 

83.5 

85.2 

84.4 

71.5 

78.2 

74.9 

47.6 

32.0 

39.8 


« Specimen piped. 

Columbium has not been the subject of previous investigation from 
the standpoint of effect on impact strength. Accordingly, tests were 
first carried out at room temperature on a series of steels with increasing 
columbium contents. In order to bring out their notch sensitivity, these 
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J'lG- 4. Fig. 5 . : 

Fig. 4. — Room-temperature impact strength op strained and aged steels with 

VAETING COLTTMBIXJM CONTENT. 

Fig. 5. — Average low-temper aturb impact strength of 0.20 per cent carbon- 

COLXJMBITJM STEELS. 


steels in the normalized condition were strained 3 per cent and aged 18 hr. 
at 175® C. Results are shown in Fig. 4 and Table 3. Here the 
energy values fall into two ranges, even though the testing is carried on at 
room temperature, and the marked progressive effect of increasing cohun- 
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bium content in producing energy values in the upper level is definitely 
shown. Fig. 5 shows results of a more detailed study of the effect of 
columbium in plain 0.20 per cent carbon steels normalized as 1-in. dia. 
bars. The results are noteworthy, in that the impact strength at all 
temperatures increases with columbium content. 

While each of the deoxidizers mentioned above, except titanium, may 
be used in the proper proportion to obtain the desired low-temperature 
impact strength of engineering steels, the fact that the aluminum treat- 
ment is comparatively inexpensive and is widely used for other purposes 
makes it particularly interesting from the industrial standpoint. Accord- 
ingly, the aluminum-treated steels have been further investigated. 


Specific Effects of Aluminum Deoxidation 

A variety of aluminum-treated steels was obtained from commercial 
sources, and a series of impact tests performed at the low temperatures in 
question. These impact specimens were taken from plates of various 
sections and various conditions of heat-treatment. While no definite 
data are available, experience indicates that a lower limit of 10 ft-lb. 
energy absorption in Izod tests with an implied average of 20 to 40 ft-lb. 
is suflicient to insure satisfactory performance in pressure vessels and 
similar structures in services encountered in the petroleum and chemical 
industries, and the results are judged accordingly. This opinion is also 
found in the consideration of the Ferrous Materials Committee of the 
A.S.M.E. Boiler Code Committee in its study of regulations to cover 
materials for use at low temperatures. 

It is appreciated that there is little engineering knowledge with respect 
to the need for impact strength in any given type of structure. Experi- 
ence in service is the only criterion of desirable properties. • The authors 
hold no brief for the 10 ft-lb. Izod value chosen as a minimum for purposes 
of discussion other than to state that it is of the same order of magnitude 


Table 4. — Low-temperature Izod Impact Strength of Fifteen Heats of 
AluminumAreated S.A,E. 1020-X Steel Heat-treated in 1-inch Diameter 

Bars°’ 
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as the minimum set by most experienced engineers and metallurgists in 
the pressure-vessel field. It is slightly more severe than the 10 ft-lb. 
Charpy frequently used and incorporated in the A.S.M.E. rules referred 
to above. 

Aluminum-treated S.A.E. 1020-X steel was selected for the first series 
of tests. The material corresponded to the following chemical analysis: 


Table 5. — Low-temperature Izod Impact Strength of Normalized Pipe 
of Aluminum-treated 8.A,E, 1020-X Steel by 6 Inches Outside 

Diameter 


Heat-treatment 

Number of 
Tests 

1 

1 

Impact Strength, Ft-lb. 

At 

+20® C. 

At 

-50® C. 

At 

-78® C. 

At 

-100® C. 

Q 

o 

T 

As received 

Average of 2 

79.0 


80.4 

49.5 

46.8 

Renormalized . . 

Average of 2 

79.4 


84.1 

86.2 

44.1 

Stress-relieved . . 

Average of 8 

77.6 

71 

40.3 

21.4 

10.4 

Stress-relieved. . 

Minimum 

74.2 

51 

18.2 

12.8 

6.0 


carbon, 0.15 to 0,25; manganese, 0.70 to 1.00; silicon, 0.15 to 0.35 per cent. 
The tensile strength of the material was approximately 70,000 lb. 
per sq. in. The McQuaid-Ehn grain size varied in the range of Nos. 5 
to 8. One-inch round bars were obtained from 15 different heats. One 
group was tested as forged, one group as normalized in the 1-in. section, 
and one group as normalized at 900® C. and drawn at 650® C. in the 1-in. 


Table 6. — Low-temperature Izod Impact Strength of Normalized and 
Stress-relieved '^'^Q-inch Plate of Aluminum-treated S.A.E. 1020-X 

Steel 


Direction 

Number of 
Testa 

Impact Strength, Ft-lb. 

At 

+20® C. 

At 

0® C. 

At 

-50® C. 

At 

-78® C. 

At 

-120® 

Longitudinal . . 

Average of 10 

67.4 

68.1 

51.5 

18.9 

4.1 

Longitudinal . . 

Minimum 

60.0 

60.8 

27.5 

6.5 

2,0 

Transverse 

Average of 10 

47.4 

45.5 

24.8 



Transverse 

Minimum 

41.8 

42.6 

16.2 




section. Tests were carried out at room temperature, minus 78® and 
minus 100® C., as shown in Table 4. The as-forged material showed 
marked reduction of energy absorption at minus 78® C., but the minimum 
values were still high enough to be considered satisfactory for engineering 
service. At minus 100® C., however, the values in the as-forged material 
were so low as to render it unfit for engineering use from this standpoint. 
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The normalized material showed increased retention of higher values 
at the lower temperatures, but after normalizing and tempering at 650° C. 
the values at the low temperatures were seriously reduced. The values 
were such that the material might be considered just satisfactory at minus 
78° C. but definitely unsatisfactory for service at minus 100° C. 


Table 7. — Low-temperaiure Izod Impact Strength of Normalized and 
Stress-relieved 1%^-inch Plate of Aluminum-treated S.A.E. 1020-Z 

Steel 
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Tests on plate in the normalized and stress-relieved condition indicate 
a definite reduction in the minimum safe temperature as the section 
increases. The plate, as shown in Table 6, is just below the 

limiting value at minus 78® C. Still further decrease in impact strength 
is shown by the plate, Table 7, as would be expected from the 

increased mass, and a limiting temperature midway between minus 50® 
and minus 78® C. is indicated by the criterion herein imposed for suitable 
engineering performance. 

In order to investigate further the effect of mass, specimens were taken 
from the edge and center of a 7-in. billet. These were tested as received, 
as stress-relieved, and as normalized. The results of the tests are shown 



Fig. 6. — ^Effect of section on average low-temperature impact strength of 
STRESS-RELIEVED S.A.E. 1020-X STEEL. 

in Table 8. The impact strength in the heavier section was substantially 
lower in all conditions of heat-treatment, both at room temperature and 
at the low temperatures, and the resulting impact tests indicate that the 
aluminum-killed S.A.E. 1020-X steel in such heavy sections is generally 
unsuitable for use at low temperatures. 

The effect of mass on the low-temperature impact strength of alumi- 
num-treated S.A.E. 1020-X steel in the stress-relieved condition is 
summarized in Fig. 6. The longitudinal values of the plate have been 
used in order to make the plate values consistent with those of the pipe 
and billet. If a minimum average value of 20 ft-lb. is taken as the limit- 
ing value, the minimum temperatures at which the various sections are 
safe would be approximately minus 110® C. for the H-in. pipe, minus 80° C. 
for the plate, minus 70® C. for the 1%6-hi. plate and plus 20® C. 

for the 7-in. square billet. These minimum temperatures may be some- 
what optimistic, because of the lower values in the transverse direction. 
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Table 9. — Effect of Mass on Low-temperature Izod Impact Strength 
of Aluminum-treated Carbon and Chromium-copper Steels** 





Impact Strength, Ft-lb. 

Steel 

Section 

Heat-treatment 

At 

+20° C. 

At 

-78° C. 

At 

-100° c. 

c 

2 in. sq. 

As forged 

54.0 

10.7 

8.3 

Cr-Cu 

2 in. sq. 

As forged 

68.5 

44.4 

31.2 

C 

1 in. dia. 

2 in. sq. 

Normalized 

Normalized 

70.8 

57.9 

51.7 

24.3 

48.5 

18.8 

Cr-Ou 

1 in. dia. 

2 in. sq. 

Normalized 

Normalized 

77.9 

66.1 

83.6 

54.9 

82.5 

44.6 

C 

2 in. sq. 

Normalized and drawn 

61.5 

22.6 

12.3 

Cr-Cu 

2 in. sq. 

Normalized and drawn 

67.8 

59.2 

47.9 


® Average of two breaks. 


In view of this pronounced effect of mass, an investigation of the effect 
of alloy additions on mass effect was carried out on plain carbon alumi- 
num-treated steel containing 0.20 per cent carbon, and on aluminum- 
treated 1 per cent chromium, 0.5 per cent copper, 0.15 per cent carbon 
steel. These steels were made in the laboratory, and part of each ingot 
forged to 2 in. square and 1-in. dia. bars. All heat-treatments were 


Table 10. — Low-temperature Izod Impact Strength of y^-inch Plate 
of Aluminum-treated Chromium-copper Steel** 


Heat-treatment 

Impact Strength, Ft-lb. 

At 

+20° C. 

1 

p 

At 

-78° C. 

At 

-100° C. 

At 

-120° C. 

As rolled 

66.3 

66.4 

64.9 


22.9 

Normalized 


75.0 

61.0 


48.5 

Stress-relieved 

68.3 

55.5 

30.5 


16.5 


“ Average of two values. 


carried out in the original forged sections. The results are shown in 
Table 9. The marked effect of section on reduction of impact strength 
is clearly evident, as is the effect of the alloy addition in overcoming this 
mass effect. It is notable that the stress-relieving treatment improved 
the chromium-copper and harmed the carbon steel. Laboratory heats 
of 0.76 per cent chromium, 0.50 per cent copper, 0.12 per cent carbon steel 
were also made and rolled to J^^-in. plate. In general, the values, shown 
in Table 10, even at room temperature are of a lower order than those 
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found in similar forged heats, and it is probable that the rolling under 
laboratory conditions was not carried out to the best advantage. How- 
ever, the impact strength was sufficiently high to meet the limiting value 
at somewhat less than minus 100® C. 

The foregoing experiments show that aluminum treatment substan- 
tially increases impact strength of carbon steels at low temperatures, and 
that it plays the same role in the chromium-copper low-alloy steels. 
The values obtained indicate that appropriate aluminum-treated carbon 
steels when used in relatively small sections are suitable for engineering 
structures operating at temperatures down to approximately minus 
100® C. The chromium-copper steel gives impact values indicating that 
such a steel is suitable for engineering applications involving larger sec- 
tions at lower temperatures. As the temperatures under investigation 
in this work include those normally and abnormally encountered in the 
atmosphere as well as those involved in most of the low-temperature 
chemical processes now in use, it appears that the fine-grained steels 
offer a satisfactory solution to the majority of the low-temperature prob- 
lems now found in industry. However, most of the structures in question 
involve welded construction, and investigation of the effect of welding on 
these steels and the, impact strength of the weld metal used to join them 
was considered essential to any broad conclusion. 

Part HI. Low-tempbrature Properties of Welds and Effect of 

Welding on Plate 

An extensive series of impact tests involving weld metal as well as 
metal adjacent to the weld was performed, using the aluminum-treated 
carbon steels as well as the low-alloy chromium-copper steels treated with 
aluminum. Two well-known commercial electrodes were used. One of 
these consisted of carbon steel with a mineral coating containing nickel 
and molybdenum. The other comprised carbon steel with a combustible 
coating. In addition, tests were performed with a special electrode of 
the 25-12 chromium-nickel austenitic type of steel with a mineral coating. 
Depending upon the thickness of the material to be welded, electrodes 
varied in size from ^2 ^0 34 and the current density from 100 to 
300 amp. Excessive current densities were avoided and after the groove 
was filled an annealing bead with a small-sized electrode was applied to 
obtain refinement as near to the surface as possible. Scarfs of the V 
and U types were prepared for welding the light and heavy material, 
respectively. Pipe 6 in. in diameter with 34"i^- wall, and and 

134 “hi* plates were selected as representative of the plain carbon, alu- 
minum-treated steels, and were taken from the same lots reported in the 
previous tests. 

One part of each weld in the pipe was tested as welded, part after 
stress-relieving at 650® C., and part after normalizing at 900® C. Similar 
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treatments were given to the plate materials as indicated in the tables. 
One series of standard impact tests was prepared with the notch cut in 
the weld metal, and another series was prepared with the notch cut at 
the edge of the weld. In the latter, the base of the notch was at the 
scarf, the specimen being lightly etched before notching in order to locate 


Table 11 . — Impact Strength of Welded Pipe of Aluminum-treated 
S.A.E. 1020-Z Steely ^ Inches Outside Diameter 
Direction of Weld Transverse to Direction of Rolling 


1 

Locsktion 

Heat- 

Notch 

Impact Strength, Ft-lb. 


treatment 

At -1-20® C. 

At -50® C. 

At -78® C. 

At - 120® C. 


Mineral-coated Rod 


Weld 

As welded 

V 

44.5 

27.0 

15.6 

4.4 

Weld 

Normalized 

V 

56.0 

39.5 

15.0 

6.8 

Weld 

Stress-relieved 

V 

48.9 

35.0 

13.8 

18.0 

Scarf 

As welded 

V 

43.1 

40.0 

60.2 

14.5 

Scarf 

Normalized 

V 

84.0 

39.5 

19.0 

13.8 

Scarf 

Stress-relieved 

V 

80.2 

87.6 

' 88.2 

43,5 

Weld 

As welded 

Keyhole 

25,0 

23.8 


19.9 

Weld . 

Normalized 

Keyhole 

28.0 

17.9 


16.0 

Weld 

Stress-relieved 

Keyhole 

27.0 1 

27.5 


20.2 

Scarf 

As welded 

Keyhole 

24.0 

37.0 


38.2 

Scarf 

Normalized 

Keyhole 

23.5 

20.8 


12.2 

Scarf 

Stress-relieved 

Keyhole 

34.6 

36.0 


38.2 


Combustible-coated Rod 


Weld 

As welded 

V 

69.0 


23.0 

31 

Weld 

Normalized 

V ' 

72.0 

33.2 

' 16.0 

4.9 

Weld 

Stress-relieved 

V 

76,1 

48.0 

49.0 

4.2 

Scarf 

As welded 

V 

81.6 

68.0 

84.2 

92.8 

Scarf 

Normalized 

V 

82.0 

83.0 

83.8 

17.8 

Scarf 

Stress-relieved 

V 

83.4 

82.0 

63.0 

54.9 

Weld 

As welded 

Keyhole 

27.5 

26.4 


3.0 

Weld 

Normalized | 

Keyhole 

28,5 

24.1 

i 

20.0 

Weld 

Stress-relieved 

Keyhole 

28.0 

24.0 


20.8 

Scarf 

As welded 

Keyhole 

36.4 

36.0 


40.5 

Scarf 

Normalized 

Keyhole 

32.0 

32.0 


38.2 

Scarf 

Stress-relieved 

Keyhole 

37.0 

35.5 


8.2 , 


Mineral-coated 25-12 Steel Rod 


Weld 

As welded 

V 

1 

73.9 

80.0 

59.1 

56.5 

Weld 

Normalized 

V 

66.2 

72.0 

55.0 

60.0 

Weld 

Stress-relieved 

V 

81.0 

69.2 

61.0 

60.8 

Scarf 

As welded 

V 

81.5 

82.2 

88.8 

13.9 

Scarf 

Normalized 

V 

77.5 

82.8 

21.0 

14.0 

Scarf. 

Stress-relieved 

V 

82.5 

48.5 

11.0 

26.0 

Weld 

As welded 

Keyhole 

16.8 

26.5 


25.5 

Weld 

Normalized 

Keyhole 

30.0 

32.0 


21.0 

Weld 

Stress-relieved 

Keyhole 

39.8 

36.2 


31.9 

Scarf 

As welded 

Keyhole 

35.0 

29.0 


37.0 

Scarf 

Normalized 

Keyhole , 

32.5 . 

36.5 


39.0 

Scarf 

Stress-relieved 

Keyhole ' 

36.0 1 

37.8 


35.0 
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the position. In addition to the standard Izod tests, a series of impact 
tests using the keyhole notch in the Izod specimen was performed. Tests 
were carried out at minus 50®, minus 78°, and minus 120° C., and are 
reported in Table 11. In addition, sections of pipe were flattened at a 
temperature of 650° C. and other sections were flattened at a temperature 
of 870° C. These were welded after flattening, the welds running both 
with and across the direction of the original pipe axis. In this series of 
experiments, only the mineral-coated steel rods were used, and standard 
Izod specimens were again prepared with the notch in the weld metal and 
scarf. The results of these tests are shown in Table 12. 

In Table 11, it is shown that both the mineral-coated rod and the 
combustible-coated rods gave welds with high values at temperatures as 
low as minus 78° C. Evaluation of the properties at minus 120° C. is 


Table 12. — Low-temperature Impact Strength of Flattened Pipe, H 
by 6 Inch Outside Diameter, of Aluminum-treated S.A.E. 1020-X 

Steel 


Temperature 
of Flatten- 
ing, Deg. C. 

Direction 


Impact Strength, Ft-Ib. 


At -1-20® C. 

At -50® C. 

At -78® C. 

At - 120® C. 

Scarf 

650 

Longitudinal 

48.0 

51.8 

33.2 

17.2 

870 

Longitudinal 

50.5 

48.0 

44.0 

14.8 

650 

Transverse 

92.5 

88.2 

91.0 

52.2 

870 

Transverse 

51.0 

72.2 

95.6 

30.0 

Weld 

650 

Longitudinal 

44.0 

30.2 

25.5 

16.4 

870 

Longitudinal 

39.0 

33.8 

46.0 

16.0 

650 

Transverse 

45.5 

27.8 

20.8 

11.0 

870 

Transverse 

43.0 

29.6 

33.5 

14.2 


difficult, as the number of tests was insufficient to establish the proportion 
of breaks at intermediate and low levels. However, it is apparent that 
there is little difference and that the best properties were obtained before 
any heat-treatment. The application of these welds at temperatures 
lower than minus,^ 100° C. is therefore open to serious question. These 
results are confirmed by tests on flattened pipe as shown in Table 12, and 
by tests of welds in 1 3d ! 6 134-in. plate, Tables 13 and 14, respectively. 

It will be noted that the impact values of the welds themselves are not 
affected by the section of the base plate. Although the impact strengths 
were determined at the top and center of the 134 “in. welded plate, there 
was so little consistent difference that the average is considered to be 
more representative. Taking all of the values into consideration, it 
would. appear that at the lowest temperature, minus 120° C., the mineral- 
coated rod is slightly superior but the difference is not sufficient to justify 
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modification of the above mentioned limitation to temperatures above 
minus 100° C. for welds made with either of these rods. Although the 
minimum limit of 10 ft-lb. would permit the application at temperatures 
as low as minus 100° C., it is doubted whether a general conclusion can 
be drawn that the material would be safe at minus 100° C. and possibly 
minus 80° C. might be a more reasonable temperature limit. 

It also may be observed that the metal at the scarf is little affected by 
the welding, and that the change is usually toward higher values, espe- 
cially in heavier plate. The scarf usually gives a higher value than does 
either the weld or the base plate and therefore need not be considered 


Table 13. — Average Impact Strength of Stress-relieved Welded ^}/xQ-inch 
Plate of Aluminum-treated S.A.E. 1020-X Steel 
Direction op Weld Longitudinal to Direction op Rolling 



Number of 
Tests 

At Room 

Impact Strength, Ft-lb. 

Location 

Temper- 

ature 

At 

0° C. 

At 
, --5Ce. 

At 

-78® C.« 

At 

-120® C. 


Mineral-coated Rod 


Weld 

4 

50.9 

51.2 

49.8 

36.9 

23.4 


Minimum 

48.0 

48.6 

47.8 

33.8 

19.0 

Scarf 

4 

63.1 

53.0 

45:0 

36.3 

12.4 


Minimum 

50.0 

47.8 

42.2 

25.0 

8.8 


Combustible-coated Rod 


Weld 

4 

67.5 

64.2 

53.3 

35.4 

11.9 


Minimum 

64.0 

57.0 

37.0 

29.0 

3.0 

Scarf 

4 

58.8 

60.8 

49.4 

30.6 

21.2 


Minimum 

58.1 

59.0 

43.2 

30.1 

12.2 


“ Average of two values. 


as a controlling factor. Similarly, hot-forming operations, as illustrated 
by Table 12, are not critical with respect to temperature and may be 
performed in the usual manner without harmful effect. 

The performance of the austenitic steel rod is of particular interest 
because the impact strength of the weld is greatly increased and the 
values in the scarf are either not impaired or are slightly improved. As 
the plate material under consideration is not superior to the carbon and 
low-alloy steel welds, the stainless-steel welding rod will not develop its 
full utility except in conjunction with plate having higher impact strength 
at temperatures below minus 100° C. 

Careful consideration of all of the data presented on welded, plain 
carbon steel, aluminum-treated, indicates that satisfactory impact 
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strength may be obtained both on weld metal and scarf at all tempera- 
tures down to approximately minus 80° to minus 100° C. At these 
temperatures and at temperatures still lower, special care is required in 
the choice of the electrode and welding technique, and special attention 
must be given to the plate section. Values in the extremely low range 


Table 14 . — Average Izod Impact Strength of Welded l}i-inch Plate of 
Aluminum-treated S»A.E, 1020-X Steel^ 

Direction op Weld Longitudinal to Direction op Rolling 


Location 

Heat-treatment 

Impact Strength, Ft-lb. 

At +20® C. 

At -50® C. 

At -120® C. 

Weld 

As welded 

37.5 

33.9 

17.6 

Weld 

Normalized 

51.1 

33.9 

13.1 

Weld 

Stress-relieved 

49.. 0 

50.0 

32.1 

Scarf 

As welded 

27.0 

16.1 

6.5 

Scarf 

Normalized 

29.5 

30.4 

8.6 

Scarf 

Stress-relieved 

31.1 

29.1 

5.3 


Combustible-coated Rod 


Weld 

As welded 

56.4 

41.0 

12.5 

Weld 

Normalized 

61.5 

17.5 

3.6 

Weld 

Stress-relieved 

61.6 

52.5 

4.2 

Scarf 

As welded 

44.2 

19.7 

3.1 

Scarf 

Normalized 

45.1 

15.9 

5.3 

Scarf 

Stress-relieved 

47.0 

31.5 

10.1 


Mineral-coated **25-12” Steel Rod 


Weld 

As welded 

51.6 

43.5 

40.8 

Weld 

Normalized 

52.3 

47.3 

41.0 

Weld 

Stress-relieved 

52.0 

43.4 

29.5 

Scarf 

As welded 

22.0 

8.6 

3.3 

Scarf 

Normalized . 

25.8 

8.9 

4.8 

Scarf 

Stress-relieved 

27.6 

11.9 

3.0 


« Average of two tests. 


will occur with some frequency at temperatures of minus 100° and 
minus 120° C. unless all of the factors are carefully studied and appro- 
priate measures taken. The data show that the combustible type of 
coated rod and the mineral-coated rod are very similar from the stand- 
point of low-temperature impact properties of weld metal, and that when 
stress-relieving is involved, as with most structures for engineering appli- 
cation, the type of welding rod giving an austenitic deposit is to be par- 
ticularly recommended for the lower temperatures. 
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Earlier work with chromium-copper steel, made without grain-size 
control, indicated that the impact strength of the scarf was improved 
rather than harmed by the stress-relieving heat-treatment. Although 
comparative data to illustrate this point are lacking, in Table 14 are 
given the scarf properties in the stress-relieved condition of welds in 
3^^-in. aluminum-treated steel plate containing 0.75 per cent chromium, 
0.5 per cent copper, 0.12 per cent carbon. Even though the plate was of 


Table 15. — Low-temperature Izod Impact Strength of Welded and 
Stress-relieved }i-inch Chromium-copper Steel 
Direction of Weld Transverse to Direction of Rolling 


Location 

Type of Rod 

Impact strength, Ft-lb. 

At 

+20® C. 

At 

-50® C. 

At 

-78® C. 

At 

- 100 ® c. 

At 

-120® C 

Scarf 

Mineral-coated 

71.0 

71.2 

71.5 

32.8 

15.2 

Scarf 

Combustible-coated 


66.0 



48.5 



doubtful quality, as mentioned above, the impact values of the scarf 
are of a high order. Although heavier sections of welded chromium- 
copper steel have not been available for tests, it would appear that the 
use of the alloy-steel plate will permit utilization of the good properties 
of the weld metal at temperatures near minus 100® C. in engineering 
structures requiring sections heavier than plate. 

Summary and Conclusion 

Notched-bar impact values obtained in steels at low temperatures 
fall into various energy levels. This phenomenon is a function of the 
nature of the material and is not due to minor variations in the prepara- 
tion of the test specimens and test procedure. The nature of the fracture 
on tensile testing at low temperature shows some correspondence with 
the discontinuous low-temperature impact values. 

Aluminum, vanadium, zirconium and columbium when added to 
plain carbon or low-alloy steels in sufficient amount to produce grain 
refinement result in improved retention of impact strength at low tem- 
peratures. Aluminum-killed, normalized, plain carbon steels of other- 
wise appropriate analysis, in small sections are satisfactory for engineering 
service at temperatures down to approximately minus 80° C. Chro- 
mium-copper aluminum-killed low-alloy steels are satisfactory for engi- 
neering service at temperatures down to minus 100° C. and may be used 
in larger sections. 

Welds produced with carbon and low-alloy electrodes having a com- 
bustible or mineral coating show sufficient energy absorption on low- 
temperature notched-bar impact testing to indicate their fitness for 
engineering service at temperatures down to minus 80° C. Material in 






DISCUSSION 


583 

the scarf likewise is satisfactory for service down to this temperature^ 
Where lower temperatures or heavy sections are involved, special precau- 
tion is necessary in welding, and no general statement is warranted 
regarding the use of any welding procedure. 

This work indicates the broad conclusion tkat engineering structures 
such as pressure vessels, pipe etc., can be fabricated with appropriate 
plain carbon and low-alloy aluminum-killed steels so as to be considered 
safe for service at the low temperatures commonly encountered in the 
petroleum and chemical industries. 
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DISCUSSION 

(Robert H. Aborn presiding) 

Member. — Was there any definite measure of the aluminum content? 

W. Crafts. — No, on the commercial steels we do not know what the aluminum 
addition was. The steels had grain sizes of 5 to 6 which would normally be considered 
as fine-grained steels. 

A. V. Deforest,* Cambridge, Mass. — We know, or at least we think we know, 
that the impact test is sensitive to many factors. One factor is the speed effect of 
which we do not know a great deal, but which is now becoming much more fashionable. 
Another is the shape of the notch, the sharpness of the notch, we might say. A third 

* Associate Professor, Mechanical Engineering, Massachusetts Institute of 
Technology. 
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factor is the width of the test specimen combined with the sharpness of the notch, 
which is simply a question of the mechanics by which the material deforms under the 
notch; and the well-known temperature effect. As we control any of these variables, 
we change from a brittle fracture to what we call a tough fracture, and to show that 
any steel is brittle or any other steel is tough is only a matter of choosing a variable 
which fits the case. 

Therefore we must have some idea of the conditions most closely approximating 
service, what restraint at the notch, what kind of notch, what speed of application of 
load, and what temperature for the conditions of service which should be simulated 
in the test from which we are going to choose the steel that is suitable for 
that service. 

I should like to hear more about this 10 ft-lb. range. Ten foot-pounds under what 
conditions? It seems to me that we should first discuss what service conditions are, 
then discuss what variables we are going to put into the test to make it measure the 
same kinds of conditions that we shall meet in service. 

A. B. Kinzel. — We are very much interested in Professor DeForest's discussion 
and questions. We are still in the same position on the impact testing as we have been 
with the tensile test for a great many years, that is, that the cart comes before the 
horse. We have service data. We know that steel which has given service of a 
definite type does give a certain performance in the test we have chosen to more or less 
simulate the type of service or to give us some information pertinent to that type of 
service. There is no absolute connection. 

For example, a pressure vessel presumably never actually undergoes shock in the 
sense of being notched and hit with a hammer with sufficient energy and velocity to 
simulate an impact test, so we choose a test that we have correlated with service, 
logically or not, and then tie that test up with further service performance in order to 
get a limiting value. 

As to the various factors involved, we have speed, shape, size and temperature. 
Mr. Crafts in his presentation did not go into the matter of width of specimen, but a 
series of tests — a half, three-quarters and full specimens taken singly and jointly — 
are given in the paper. 

As to the shape of the notch, we know that that does determine the susceptibility 
of the specimen to the test. With change in temperature we get the split in values as 
a function of this notch sharpness, and the data in the paper on the keyhole notch 
and the Izod V-notch are pertinent to that. Of course, we choose the temperature 
which is supposed to be the limiting temperature for the service considered. 

As to speed, it seems that within the limits of the usual testing machines there is 
not a great deal of variation. We know perfectly well that values of the order in use 
at the Watertown Arsenal cause the picture to change rapidly. But there is no 
doubt in the minds of many of us that speed and sharpness of notch are combined 
in one factor which might be called the local rate of loading of the specimen. 

As to the 10 ft-lb., that is selected on the basis of vessels in service, and a few cases 
of service failures. We know the value of the impact test on the material that failed. 
We know the value of the impact test for steel in structures which have not failed in 
service, and then we apply engineering judgment to this service performance and 
the tests. 

We hold no brief for 10-ft-lb. We prefer 20 ft-lb. to 10, but service performance 
leads to the conclusion that 10 ft-lb. is a safe value. 

M. S. Northrup,* Elizabeth, N. J. — It has been mentioned that there are probably 
two classes largely interested in impact testing. For the past few years it has appeared 


* General Engineering Department, Standard Oil Development Co, 
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that some of us on the consuming end have had to be in both classes. We have had to 
choose material because of its impact value, and in some cases devise our own methods 
of test. 

The authors are to be commended for the thoroughness with which they have 
approached their problem. There has been considerable low-temperature work done 
in the past few years, but it has been of relatively little value to the engineer. Perhaps 
the most it has accomplished is that it has made many of us conscious of the uncer- 
tainty of some of the existing vessels operating at low temperatures, and for that 
reason the company with which I am associated has, for the last seven or eight years, 
done considerable low-temperature testing, using the impact value as a measure of 
the suitability of materials. 

While that value, as Dr. Kinzel has said, is of no actual use to the engineer in his 
design, he can at least select material which at the temperature of service has as high 
an impact value as he can get. 

The 10 ft-lb. mentioned by Dr. Kinzel and in the paper is based on the Izod test. 
In our work everything has been done with a Charpy machine, using either the keyhole 
notch or a milled U notch, with the same base radius as the keyhole notch. 

In this work we have made numerous tests on ordinary carbon steels. More 
recently we have investigated nickel steels, chrome and vanadium and copper-nickel 
steels, and we have probably arrived at the same conclusions as have most of those 
doing this type of testing work, that the ordinary carbon steels are of little value to us 
from the safety standpoint below approximately 0® F., and the results of tests on both 
nickel steel and aluminum-treated low-carbon steel indicate that they can perhaps be 
used down to —75°. The aluminum-treated steels are probably limited to that 
temperature because of the welding limitations imposed; that is, the welds of that 
material probably drop very rapidly in impact when you go below — 75° F. 

In the purchase of pipe and plate, we find a difficulty — that it is impossible to take 
a standard 10 by 10-mm. specimen. For that reason, we want some kind of specimen 
for the impact test which is of substandard size. ^ 

We have tried various shapes of specimens and have finally come to the conclusion 
that probably the most useful samples of the substandard size are those in which we 
cut down the width as mentioned in the paper. But we have also found from our 
test results, or at least the results have indicated, that the factor to be applied in con- 
verting those substandard values to equivalent standard values will vary with the 
material as well as with what you might caU the initial or standard impact values. 

In other words, if the material is tested as a standard 10 by 10 specimen and gives 
a certaiu value, the factor will be a certain value for a half-width specimen. But if 
the material is different, the factor will be higher or lower, so that you cannot set up a 
standard factor for all materials or all the impact values which may arise. 

Again I wish to commend the authors on the way they have approached the sub- 
ject, and the completeness of their data. 

A. B. Kinzel. — We appreciate very much the general corroboration given by 
Mr, Northrup and his work at the Standard Oil Development Co. The matter of the 
width of specimen is very important, and I hope that we did not give the impression 
in the paper that this factor should be neglected. 

We realize perfectly well, and all those in impact testing have realized it for many 
years, that the nature of the failure, that is, the amount of it that is shear and the 
amount that is cleavage or cohesive is determined by the mass factor. 

If you have a full cohesive failure, the chances are that the mass factor is 1 ; that 
is, a specimen whether it is as wide or half as wide will give the same value as the 
specimen of standard size. If you have a full shear failure, or something approach- 
ing that, the factor probably approaches the geometric ratio. 
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As to the Charpy and the Izod tests, they are, unfortunately, something that leave 
us in a quandary, because you cannot establish a Charpy-Izod relationship for steel in 
general, or for any one steel at any one temperature. As a matter of fact, the relation- 
ship changes with the temperature. The steel becomes more sensitive with the Izod 
notch. Below the initial temperatures the values are lower in the Izod test — whereas 
above those temperatures the values may be higher. 

GuEST.—There has been much criticism of impact tests which is correct, but for the 
engineer who has to pass on material there is no better test. A forged steel or a rod 
bar, may give beautiful tensile and elongation test results, and yet may be quite 
unsatisfactory. But over long experience I have found that the impact test, whether 
performed in one kind of notch or another, for comparison will eliminate any weak 
steel. If one takes the tensile test alone, and also in combination with the bend 
test, it is possible to pass almost' any material, bad material as well as good, but with 
the impact test, the bad material invariably shows up. 

In making tests for large engineering firms, I utilized in my own testing division a 
rapidly manufactured impact test on account of the expense of machining the rec- 
tangular impact test. I had all the bars of the machine round, and although my figures 
were not comparable with outside figures, I could immediately condemn a bad steel 
which would fail in practice. 

The authors are to be congratulated on having made use of this valuable test, and 
I think that the only disadvantage in its adoption commercially is the cost of machin- 
ing the rectangular test piece. If we can get a specification for a round impact test 
piece, we shall have an exceedingly rapid and useful means of sorting out the good 
and bad material. 

A. B. Kinzel. — While we feel that all material to be used at low temperatures 
should be subjected to the impact test, and are fully cognizant of the usefulness of the 
test in connection with ordinary boiler plates and such material, many of us do not hold 
that im|fact test specifications should be added to ordinary boiler-plate specifications. 

The reason is not that we do not feel it would give additional useful information, 
but that it is an added cost and an added burden, that the information from it will contra- 
dict the information in other tests in only a very small percentage of the cases in 
American practice, and in these few cases the misbehavior of the material will unques- 
tionably show up in the fabrication in the boiler shop. It is for those reasons that 
many of us have not advocated the incorporation of the impact test into the standard 
boiler-code specifications. 

S. L. Hoyt, * Milwaukee, Wis. — The authors bring out considerable new informa- 
tion of a type that is very interesting to manufacturers and users of pressure vessels. 
I was interested to see that the fracture in the tensile test changes in character at low 
temperatures, although the authors do not go far in explaining it. I take it they have 
simply given us the results just as they found them, and with no attempt to explain 
a.ny discrepancies between what they find and what our conception is of what they 
should have found. On that account I would like to raise a question — and I do not 
want to intimate that they are wrong in this, because I do not know — but I notice 
that while in tests at room temperature, normalizing and stress relieving have about the 
effect that one would expect, at low temperatures those treatments gave surprisingly 
low values. It seems to me we ought to have that particular point commented upon 
considerably more than we have. Both normalizing and stress-relieving are regarded 
as being beneficial treatments, and here we are confronted with a case in which treat- 
ments are definitely bad. That, of course, is assuming that [the notch bar test is 
capable of telling whether the bars are good or bad. 

* Research Metallurgist, The A. O. Smith Corporation. 
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The authors have also made a very nice study of notch bar testing, and this paper 
is of interest in connection with that as well as in connection with the use of these steels; 

Some of the steels used are silicon-killed steel, or at any rate they have silicon in 
them, and presumably are silicon-killed, and subsequently have been treated with 
the various deoxidizers. Possibly I have missed the point, but it seems to me that 
the more normal type of plate materials have not been given as complete attention 
here as have the special steels. If that is so, then I would like to see some work of the 
same kind done on the more commercial steels, and in that way, compare these 
results with them. 

A. B. Kinzbl. — As to a discussion of what you might expect and what we did find, 
I might say that as far as the split values are concerned, the outcome is pretty much 
what we anticipated from a number of previous observ’^ations that we had made. 

The matter of the normalizing and stress relieving after welding is certainly sur- 
prising and pertinent. We purposely did not comment on it very much because we 
need more confirmation and data before we say too much about it. It is significant 
that the same is not true of the alloy steels. It was true of the aluminum-killed, but 
not of the alloy steels, which might lead one to the thought that the rapid cooling 
after welding gives an effective mass effect, which is later destroyed by normalizing 
and stress relieving. This is not a wholly satisfactory explanation, of course, but it 
opens up a line of thought at any rate. We hope to have more information on that 
before too long. It is a very interesting subject. 

As to the ordinary rimmed boiler plate, we did not say much about that because 
we took it for granted that the world at large had accepted the fact that the impact 
value of such material at approximately zero or slightly below drops to a negligible 
point. We have a few plain carbon steels in the paper which are silicon-killed, and 
they, too, drop rapidly. 

It is necessary to go to the more complete, shall I say, “deoxidation’^ of aluminum 
or columbium, or something of that sort, in order to get the improved characteristics 
and these occur coincidentally with the appearance of the fine-grained structure. 

E. C. Wright,* Pittsburgh, Pa. (written discussion). — This paper is of consider- 
able interest to us as it correlates work which we have been conducting for the past 
four years. Our approach to this subject originated along three channels quite 
independently of each other. Our research laboratory was investigating the character- 
istics of steels not subject to strain aging at room temperature, and employed low- 
temperature impact tests as a means of measuring aging characteristics. One of the 
steel plants was testing a turbidimeter for determining oxygen in open-hearth baths 
and ladles, and incidentally made low-temperature impact tests on heats produced 
with varying oxygen contents and different deoxidation treatments. One of our 
other mills was studying the effect of grain size on low-temperature properties, and 
made a further series of low-temperature impact tests. Results of these three inde- 
pendent investigations show clearly the influence of deoxidizing treatment and grain 
size upon the low-temperature impact properties and aging characteristics of the steel. 
Some of these heats were prepared in laboratory induction furnace melts, but much 
of the work relates to standard 100-ton open-hearth heats. Up to the present time 
at least 100 full open-hearth heats have been melted, aU of which have shown excellent 
low-temperature impact properties ali temperatures as low as —80° C. Practically 
all of this work relates to the SAE 1020-X steel, aluminum-treated. 

Results reported on page 563, wherein four specimens of less than standard test- 
piece width were fractured at a single blow, are interesting, as this type of test verifies 
results obtained on individual impact test specimens, machined within fractions of 

' * Chief Metallurgist, ’National Tube Co. 
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the standard width. This is an important feature in some industries, especially for 
pipe and tubing, as in many cases the wall thickness of the pipe is less than the 
0.3937-in. width of the standard Izod or Charpy test piece, and it has become cus- 
tomary to cut impact test specimens from tubing which have the full width, three- 
fourth width, one-half width, or one-fourth width. In all such modified tests the 
depth of the specimen through the notch is 0.3937 in. Numerous sections broken in 
these modified widths have shown that the value correlates closely with the value 
obtained on full-width section impact tests. For example, the impact value obtained 
on one-half width sections is approximately 50 to 60 per cent of the value obtained 
on a full-width section. These remarks refer to tests made at subzero temperatures. 

Our results on several steels such as SAE 1020-X, SAE 1035, and SAE 
1335-X, all aluminum-treated, agree with the authors' finding that the highest Izod 
values at low temperatures are obtained after simple normalizing of the material. 
This is prior to machining the test piece. We do find, however, that normalizing the 
test piece after the preparation of the notch invariably gives higher results than when 
the samples are normalized prior to machining. This increase in impact value is 
especially evident in austenitic 18-8 alloys when the specimen is heat-treated after 
the final machining operation. 

Annealing or stress-relieving treatments after normalizing give lower results than 
the simple normalizing treatment; in some cases very low results are obtained after 
the specimen is annealed to 650° C. or 700° C. after normalizing. This refers to SAE 
1020-X and SAE 1335-X aluminum-treated steels. A reverse condition was found 
to be true on 2}^ per cent nickel and 334 per cent nickel steel containing 0.15 per cent 
carbon. The highest impact values on these steels were obtained with a normalizing 
treatment of 850° C. followed with 650° C. draw-back temperature. 

Investigation of the effect of a series of deoxidizing agents upon a chrome-copper 
steel is very interesting. Apparently aluminum is the most efficient deoxidizing 
agent, as indicated by the high impact values obtained on the low-carbon aluminum- 
treated material. It would have been valuable if this same series of deoxidizing 
agents had also been applied to plain carbon steels of the SAE 1020-X type. The 
situation with respect to deoxidizing agents, however, is not entirely clear. We have 
encountered heats of steel treated with aluminum and containing no silicon, which 
gave quite erratic impact values. These results occurred on low-carbon steel with 
approximately 0.12 per cent carbon and 0.50 per cent manganese. The SAE 1020-X 
steel discussed in the paper contains 0.70 to 1 per cent manganese and 0.15 to 0.30 per 
cent silicon, in addition to the aluminum treatment. It is believed that the deoxidiz- 
ing effect of manganese and silicon in some way augments the aluminum treatment. 
In the case of SAE 1020-X and SAE 1335-X steels, killed with silicon only, very low 
impact values are obtained at temperatures below —25° C. This agrees with the 
footnote under Table 4. Since most of our work has been done with standard key- 
hole Charpy test pieces, we show in Table 16 the maximum, minimum, and average 
Charpy value of 50 commercial open-hearth heats of SAE 1020-X steel aluminum- 
treated. This may be useful for comparison with the Izod impact values in Table 4. 

The authors’ discussion and investigation of the effects of mass on the low-tem- 
perature impact properties are quite significant. The data given in Fig. 6 would be 
of greater interest if the actual grain size of the test specimens cut from the various 
sizes of the sections had been determined. 

The results given indicate clearly that simple low-carbon steels of the SAE. 
1020-X type properly deoxidized with aluminum should be entirely suitable for tem- 
peratures as low as — 80° C., even in considerable thickness of section. The striking 
values exhibited by the chrome-copper type of steel indicate that this analysis can 
be employed at temperatures as low as —120° C. These temperatures should cover 
most of the high-pressure work now being conducted at subzero temperatures. 
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and affords the designing engineer a choice of two well-tested materials of good tough- 
ness for such equipment. 

Table 16 . — Charpy Keyhole Impact Tests on SAE 1020-Z Steel Alumi- 
num-treated at Various Temperatures from 1-inch Bars Normalized 

at 900^ C. 

(Values obtained on 50 open-hearth heats.) 

+24° C. -46° C. - 73° C. 

+75° F. -50° F. -100°C. 

35.7 32.3 23.8 

67.3 64.8 55.5 

51.4 32.3 34.9 

W. Cbafts. — We much appreciate Mr. Wright’s generally confirmatory data. 
His comments on actual grain size are fully justified. We have not investigated it 
particularly, but will do so. We have found some indication that it is significant in 
some cases, and in others it is not. We are not sure about the matter of grain size, 
particularly that fine grain alone does not seem to be the essential for low-temperature 
impact strength. The amount of residual, metallic deoxidizer present seems to have 
an effect. We are pleased to learn that Mr. Wright obtained about the same results 
as far as stress-relieving and annealing are concerned. We wish that he had an 
explanation, too. 

S. J. Rosenberg,* Washington, D. C. (written discussion!). — ^The phenomenon 
noted by the authors, whereby lowered test temperatures cause apparently erratic 
results in impact tests of ferrous materials, has also been noted by other investigators 
of the effect of subzero temperatures upon the impact resistance of steels. In many 
cases, however, this scatter of test results has been passed over as being the result of 
experimental error, despite the fact that within certain temperature ranges an error 
of 100 per cent is not unusual. 

As noted by the authors, plausible hypotheses to explain this behavior can be 
advanced, but they themselves hesitated to do this on the ground that hypotheses not 
subject to proof would not be particularly constructive. This feeling is to be regretted, 
since an unproven' hypothesis may lead to work which may result in proving that 
particular hypothesis or developing a newer and truer one. 

In the course of a study of the effect of low temperatures upon the mechanical 
properties of metals, the results of which are as yet unpublished, the writer has 
observed this scatter of impact-test results at certain temperatures. From a study 
of the test data it is apparent that this scatter occurs over the so-called “critical tem- 
perature range” during which the impact resistance of the particular steel in question 
decreases more or less markedly as the test temperature is lowered. 

It may be noted that this critical temperature range is dependent upon certain 
variables external to the steel studied as well as the steel itself. Increasing velocities 
of the hammer, for instance, can move the critical range to higher temperatures. 
Standardizing upon impact-test conditions, type of notch, etc., leaves the steel itself 
and the various test temperatures as the only variables. 

For the purpose of general discussion, it may be stated that at certain temperatures, 
usually, but not 'necessarily, room temperature, the results of impact tests are in 
sufficiently close agreement to justify the assumption that divergent values are experi- 

* Associate Metallurgist, National Bureau of Standards. 

t Published with the approval of the Director of the National Bureau of Standards. 
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mental errors. This same condition also exists at some low temperature, the difference 
being that at the low temperature the average impact resistance is usually considerably 
lower than at room temperature. Between these two temperatures, there frequently 
occurs a marked scattering of impact values from presumably check specimens. The 
authors have drawn attention to this phenomenon in the first part of their paper and 
have illustrated it in Fig. 1. 



Fig. 7. — Effect of low temperatures on impact resistance of structural 

STEELS. 



Fig. 8. Fracttoi^i) ends of duplicate impact specimens of normalized 
bAli X 4130 STEEL broken at room temperature. 

Original magnification 3; reduced 3^ 

The general effect of low temperatures upon the impact resistance of structural 
steels is shown in Fig. 7. The shaded area represents the scatter of test results which 
may occur. Above temperature X and below temperature Y results are usually in 
fair agreement. Between these two temperatures, however, widely different test 
results may be secured. 

An examination of the fractured surfaces of impact test specimens reveals a certain 
correlation between their appearances and the shape of the impacUemperature curve. 
At temperatures above X the fractures have a dull, fibrous appearance; there is a 
considerable amount of deformation and the fractures are typical of what is usually 
referred to as a tough fracture. Below temperature Y the fractures have a bright, 
crystalline appearance; there is very little deformation and the fractures are typical 
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of what is usually referred to as a brittle fracture. Between these two temperatures, 
fractures having a partly tough and partly brittle appearance are not uncommon. 

Fig. 8 shows the fractured ends of duplicate impact specimens of a normalised 
SAE X4130 steel broken at room temperature. Sample a broke with almost an 
entirely brittle fracture. A small part of the fracture, representing the area occupied 
by a slight cup and cone at the sides of the fracture and a small area at the bottom, had 
the characteristics of the tough type of fracture. Thus, about 85 per cent of the area 
covered by the fracture was of the brittle type and about 15 per cent of the tough 
type. The impact energy absorbed in breaking was 18.8 ft-lb. (Charpy impact 
V-notch). Compare this with the check specimen 5. A thin layer of fibrous appear- 
ance exists immediately below the notch. The cup and cone are deeper and there is a 
considerable amount of deformation at the bottom of the fracture, while in sample a 
there was none. About 60 per cent of the area of the fracture was of the tough type 
and about 40 per cent was of the brittle type. The impact energy absorbed in break- 
ing was 54.4 foot-pounds. 

This same phenomenon was also observed at 0® C. At —20® C., however, and 
at lower temperatures, only the brittle type of fracture was observed and the impact 
resistance of all these specimens was relatively low. Four specimens of this steel 
were also tested at 100® C.; in each specimen the fracture was of the tough type and 
the impact resistance was high. As a matter of interest, the actual values are given 


Table 17 . — Charpy Impactj SAEAISOX Normalized 


Test Temperature 

-78° C. 

-40° C. 

-20° C. 

0 ° c. 

Room 

Temper- 

ature 

100 ° c. 

Foot-pounds 

4.8 

6.6 i 

9.6 

45.7 

18.8 

68.0 


6.8 

8.5 

12.9 

18.8 

54.4 

58.0 







56.2 







68.0 


in Table 17. It is possible that, had tests been made at some temperature between 
room temperature and 100° C., perfectly good check results would have been secured. 
Thus it may be concluded that in this particular steel, the so-called ''critical range” 
exists between —20° C. and some temperature higher than room temperature and 
lower than 100° C. As a matter of safety, it is apparent that only the lower impact 
values should be used in determining the impact resistance of this steel in the crit- 
ical range. 

Although some writers have advanced very definite ideas as to the cause of low- 
temperature brittleness, no satisfactory explanation of the cause of both ductile and 
brittle fractures of check specimens at identical temperatures has been given. The 
comments of the authors on this subject would be very interesting. 

R. K. Hopkins and H. S. Blumberg,* Jersey City, N. J. (written discussion). — 
This paper adds to our knowledge of metals for low-temperature service. The authors 
are to be commended for the considerable work they have done, and for the detailed 
analysis of their results. 

Nearly all of the low-temperature impact testing which is carried out today is 
based on the Charpy test. It is well known that the results thus obtained are more 
consistent than is the case with the Izod test bar, and as a result, practically all speci- 
fications which are written require that a certain minimum be obtained upon Charpy 
bars. However, changes in section which occur in parts fpr service are neither Izod 
nor Charpy notches, and it is, therefore, well to have data upon varying kinds of notch. 


The M. W. Kellogg Company. 
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It is coincidental that the writers’ laboratory has carried out a rather detailed 
study upon the identical chrome-copper steel used by the authors of the paper in 
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Fig. 9. — Microstructtjres and Chabpy impact values at various subzero 

TEMPERATURES OBTAINED UPON CHROME-COPPER-NICKBL STEEL PLATE IN’. THICK 

AFTER VARIOUS HEAT-TREATMENTS AND WELDING, INCLUDING DATA ON WELD AND ADJA- 
CENT ZONE. 


obtaining the data given in Table 1. Tests were made using the standard Charpy 
bar, longitudinal and transverse impact bars being prepared from the center of the 
plate thickness, after which impact tests were made in the temperature range from 
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plus 70® F, to minus 148° F. The effect of various normalizing heat treatments was 
also studied, and in addition, the impact properties of weld metal and the heat-affected 
zone base metal were also obtained. All of these data in which the values given are 
the average of these tests, together with microscopic structures, are shown in 
Fig. 9. It will be noted that these data check the report of Dr, Kinzel and his cowork- 
ers as to the excellent impact properties which are obtained in metal of this composition 
down to temperatures as low as — 148° F. The interrelation of grain size and good 
impact properties at the low temperatures is shown in these data by the fact that 
normalizing temperatures just over the critical range produced small grain size and 
consequent high impact values. When the normalizing temperatures exceed 1800° F. 
the grain size increases and the —148° F. impact properties are sharply lowered. 

It has been noted also that when many specimens are broken as representative 
of a given steel in a given condition the results wHl show differences in '^energy level” 
as pointed out by these investigators. It is to be noted, however, that these differ- 
ences in Charpy tests are of a lesser degree than in the Izod test. 

The company with which the writers are connected has built many large pressure 
vessels fabricated from chrome-copper-nickel steel, and these vessels are operating 
satisfactorily at temperatures down to —148° F. 

A. B. Kinzel (written discussion ). — We appreciate the confirmatory data with 
attached microstructure and Charpy impact values presented by Messrs. Hopkins 
and Blumberg. The authors realize full well that the Charpy test gives more con- 
sistent results than the Izod under the conditions in question, but believe that the 
reason for this is that the Izod test is more sensitive and therefore might be considered 
to be more pertinent to the question at hand. As previously stated in this general 
discussion, however, the order of magnitude of the values obtained and the general 
location of the critical temperature are of major interest rather than any of the minor 
variations in this temperature or the actual values. The impact tests are used to 
confirm the fact that a given material which we have selected to keep the critical 
temperature rather low does meet these expectations. Any impact test, Charpy or 
Izod, which brings out this fact is ample to the purposes in question with low-tem- 
perature pressure-vessel service. 

We are very much interested in Mr. Rosenberg^s discussion and note that the data 
he gives supplement those given in the paper and lead to the same general conclusions. 
Mr, Rosenberg wishes us to advance a h 3 q>othesis, and an explanation of some of these 
peculiar phenomena. We agree with him that there might be much value in such a 
hypothesis- However, in any paper of this type it is necessary to clearly differentiate 
between fact and hypothesis, and we have preferred to emphasize this differentiation 
by omitting hypotheses altogether from the paper in question. However, a hjrpothesis 
which has been suggested by one of the authors may be found in an article which 
appeared in the May, 1937 issue of the Journal of Applied PhysicSj presented as a 
challenge to physicists. We feel sure that the material contained therein is sufficiently 
speculative and yet sufficiently plausible to satisify Mr. Rosenberg on this score. 
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